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ABSTRACT

Six samples of particulate debris were removed from the TMI-2 core
rubble bed during September and October 1983, and five more samples were
obtained in March 1984. The samples (up to 174 g each) were obtained at
two locations in the core: HB8 (center) and E9 (mid-radius). Ten of the
eleven samples were examined at the Idaho National Engineering Laboratory
to obtain data on the physical and chemical nature of the debris and the
postaccident condition of the core. Portions of the samples also were
subjected to differential thermal analysis at Rockwell Hanford Operations
and metallurgical and chemical examinations at Argonne National
Laboratories. This report presents results of the examination of the core
debris grab samples, including physical, metallurgical, chemical, and
radiochemical analyses. The results indicate that temperatures in the core
reached at least 3100 K during the TMI-2 accident, fuel melting and
significant mixing of core structural material occurred, and large
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fractions of some radionuclides (e.g., ~ Sr and Ce) were retained 1in

the core.
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SUMMARY

Examinations are being performed to acquire data on the extent and
nature of damage to the Three Mile Island Unit 2 (TMI-2) reactor, which
underwent a loss-of-coolant accident in March 1979. One of the examination
tasks is to analyze samples of debris obtained from the rubble bed.

Figure S-1 shows the current condition of the core, as determined from
closed-circuit televistion, core topography, and rubble bed probing
examinations. It 1s estimated that the debris bed consists of
approximately 20X of the original core mass, and s supported by a hard
crust. Approximately 65% of the core is located between the debris bed and
the elliptical flow distributor, and approximately 10 to 20% has relocated
to below the flow distributor.

Eleven core debris grab samples (totaling 0.001%X of core welght) were
obtained from two fuel assembly locations, H8 (center) and E9
(mid-radtus). One sample was examined at the Babcock & Wilcox Lynchburg
Research Center, and ten samples were examined at the Idaho National
Engineering Laboratory (INEL). Of the ten samples examined at INEL,
fragmented chips from seven particles were examined by Rockwell Hanford
Operations using differential thermal analysis and 22 particles were
shipped to Argonne National Laboratories (West and East) for metallurgical
and chemical analyses.

The primary objectives of examining the core debris grab samples
include the following:

o Supporting the plant recovery effort being performed by GPU
Nuclear

o Determining the physical, chemical, and radiochemical condition
of the core debris bed
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Figure S-1. Schematic showing the current known condition of the TMI-2
core and the locations of the core debris grab samples.
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o Providing data to support assessment of severe fuel damage codes,
primarily with regard to core damage progression and fission
product behavior.

This report presents the results and conclustons of analysis of the
core debris grab samples, including: (a) the sample acquisition,
examination plan, and analytical methods; (b) examination results
(physical, metallurgical, chemical, and radiochemical); (c) an evaluation
of the overall core condition and radionuclide behavior, using information
from the core debris and other avallable examination results; and
(d) principal observations and conclusions obtained from these examinations.

Sample Acquisition, Examination Plan, and Analytical Methods

The core debris grab samples were removed from the debris bed at
depths ranging from the surface to 77 cm at the H8 location, and from the
surface to 94 cm at the E9 location. A hard stop was encountered at 77 cm
at the H8 location, and friction prevented penetration of the debris bed
beyond 94 cm at £E9 . Sample weights obtained ranged from 17 g (Sample 4)
to 174 g (Sample 10).

Figure S-2 s a flow diagram showing the examinations performed on the
core debris grab samples. There were four general types of samples
examined: (a) bulk samples, as recelved from TMI-2; (b) particle size
fractions--subgroupings of the bulk samples by size, obtained by sieving
the bulk samples, (c) recombined bulk samples--approximately one-third of
each particle stze fraction, recombined to approximate the original bulk
sample; and (d) particles and aliquots--individual particles from the
larger (>1000 um) particle size fractions and altiquots [representative
portions from the smaller (<1000 pm) particle size fractions].

Analytical methods used for the examinations are standard examination
techniques, with some modifications necessitated by the high radiation
fields and insoluble nature of the core debris.
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Figure S-2. Flow diagram showing the examinations performed on the TMI-2
core debris grab samples (typical for each sample).



Physical Examinations

The physical examinations included visual and photographic
examinations, welghing, bulk tap density measurements, particle size
distributton analysis, and ferromagnetic and pyrophoricity tests. In
general, the core debris was composed of particulate material that was not
identifiable as core components. Five categories of particles were
identified based on visual appearance: (a) apparent fuel pieces;

{b) cladding chunks, (c) foamy/porous, prior molten material; (d) particles
that are a composite of fuel and prior molten matertal; and (e) metallic
appearing, prior molten particles.

Bulk tap density measurements indicate that there are two density
ranges for the samples. Samples 1, 3, and 6 have densities ranging from
3.5 to 3.8 g/cu3 whereas Samples 9, 10, and 11 have densities ranging
from 5.0 to 5.5 g/cms. The particle size distribution analysis indicated
that Samples 1 and 3 have the largest fraction of material in the 1680 to
4000-pm particle size range, whereas Samples 9, 10, and 11 show a bimodal
distribution, with peaks at the 1680 to 4000-um and 297 to 707-um
sizes. The bi‘ﬁodal distribution probably resulted in more efficient
packing of the debris material and may explain the higher densities of
Samples 9, 10, and 11. The particle size distribution analysis indicates
the presence of mostly (>80%) larger particles (>1000 um).

Stratification of the debris bed into two layers also 1s indicated by the
particle size distribution: a surface layer, and another beginning between
36 cm and 56 cm below the debris bed surface. The lower layer contains
larger quantities of smaller sized particles. The measurable ferromagnetic
material content of Sample 6, the only sample analyzed for ferromagnetic
content, was 0.9% of the total sample weight.

Metallurgical Examinations

Twenty-nine particles were selected from the ten core debris grab
samples for detalled metallurgical analysis, which included optical and
scanning electron microscopy for microstructural information and energy
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dispersive x-ray spéctroscopy and scanning Auger spectroscopy for
information on elemental composition.

Most of the particles examined contained regions of prior molten
U-Zr-0, indicating peak temperatures of greater than 2200 K. Of these,
many are prior molten (U,Zr)Oz, indicating peak temperatures greater than
2800 K. There are a few examples of prior molten material that are almost
pure U02, indicating temperatures up to 3100 K (the effect of small
amounts of impurities on the melting point of UO2 is not well known).
However, much of the fuel probably remained at fairly low temperatures
(<2000 K) relative to the peak temperature or was exposed to high
temperatures for only a short time. This conclusion is based on the
relatively unrestructured appearance observed for much of the fuel, even
though there are attached regions of prior molten ceramics.

The regions of prior molten U-Zr-0 usually contain at least some
traces of non-fuel rod materials (A1, Cr, Fe, and Ni). These elements
often were observed at grain boundaries or in voids. For some particles,
they are a significant portion of the total particle weight. Control rod
materials (Ag, In, and Cd) were not as commonly found as structural
materials. However, major portions of three particles are metallic Ag
containing N1-Sn inclusions, indicating that control rod materials (or at
least Ag) apparently had less of a tendency to mix or interact with fuel
rod materials than did the structural materials.

Chemical Examinations

Elemental analysis of the core debris grab samples was performed by
inductively coupled plasma spectroscopy (ICP) on the recombined bulk
samples and the individual particles and aliquots. Elements for which
analyses were performed were selected to characterize five groups of core
components: (a) uranium fuel and zircaloy cladding, (b) Ag-In-Cd control
rod materlals, (c) poison rod materials (B, Gd, and A1), (d) structural
materials (stainless steel and Inconel) and (e) elemental Te.
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Most elemental constituents of the core components were present in all
recombined bulk samples, particles, and aliquots, suggesting that
stgnificant disruption, mixing, and relocation of these components has
occurred. The analyses for U and Zr iIndicate that significant depletion
(<50%X) of Zr from the debris bed has occurred. Analyses for control rod
matertals with emphasis on Ag Indicate that as much as 90X of the Ag has
relocated from the debris bed. There appears to be a general increase in
Ag concentration assoclated with a decrease in particle size. The burnable
polson rod materials, Al and Gd, were measured in most of the samples. The
wide distribution of Gd is of particular interest, because only four fuel
assemblies in the core contained Gd control material (13 kg). These fuel
assemblies were located at four quadrants, about mid-radius in the core.

Al is concentrated at the surface of the debris bed, suggesting that
the debris bed may have functioned as a trap or retention zone for some
core materials. Structural materlals are well mixed in the debris bed in
concentrations simtlar to their original concentrations in the fueled
portion of a fuel assembly. Elemental Te, which may originate from natural
or fisston product sources is concentrated near the surface of the debris
bed similar to aluminum.

Radiochemical Examinations

Radiochemical examinations were performed on the recombined bulk
samples, particles and altiquots from all samplies, and the ferromagnetic
components of Sample 6. Tgesexgg;nations included ?amma spectroscopy.
fissile/fertile material ( U) content, and, Sr
analyses. Examinations were performed to characterize radlonuclides of

expected high volatility (]291 and ‘37Cs). Intermedtate volatility

("%gy and '23sb) and ow volatiity (%sr ang '44ce).

Comparison of the measured to predicted retention/release of these
radionuclides in the core debris is shown in Table S-1 and approximately
follows the expected volatilit*aof the radionuclides (1.e., the most
volatile materials, I and Cs, were most significantly
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TABLE S-1.

RADIONUCLIDE RETENTION NORMALIZED TO URANIUM CONTENT
(% of core inventory)

H8 Samples E9 Samples
Calculated
Core Average Measured Measured
A age
Concentrationa Average b c verag b c
Radionuclide (Ci/q) Retention Range~  Retention Range™
30, 8.126-3 94 91-102 92 79-100
106, 1.41€-3 49 35-74 63 52-86
125¢gp 4.536-4 28 19-37 28 18-38
1291 2.81E-9 244 19-28 19¢ 10-25
137¢s 9.32E-3 19 18-21 24 6-32
144¢e 3.37E-3 121 114-128 107 90-130
235y,ye -- 2.5 2.3-2.1 2.7 2.5-2.8

d.

]

b.
c.

d.

984.

~100%.

e.

Average measured retention for all samples.
Range of retention for recombined bulk samples.

Calculated based on particle and aliquot analyses.

Uncertainty 1Is

Uranium enrichment calculated from fissile and total U analyses.

Calculated based on ORIGEN-2 analyses, decays corrected to April 1,




released). The results shown are normalized to predicted core average
concentrations and are useable for intercomparison purposes. Actual incore
fission product concentrations per gram of fuel may vary by a factor of 2.
However, the retentions of the low volatile fission products (e.q., 9°Sr
and ]“Ce) near 100X suggest that the 1isted retentions are accurate

within 20 to 30X. The high concentrations of ]“Ce are probably due to

the presence of localized zones of higher burnup fuel at the locations
sampled. The ]291 content of the samples tends to increase with surface
area for the small particle sizes and may Indicate a surface area retention
dependent mechanism. Also, a correlation was observed between the
concentrations of NY and the lzssb and ]ooku concentrations, suggesting
that NY functioned as a scavenging material for these radionuclides in the

debris.

Contributions to Understanding the TMI Accident

This section describes how the results from the examination of the
core debris grab samples contribute to understanding the condition of the
THI-2 core and accident scenario.

Metallurgical analysis of the large particles from the core debris
grab samples indicate in some of the materi1al that peak temperatures up to
the melting point of the uoz fuel were achieved. However, a significant
amount of material showed no restructuring, Indicating temperatures below
about 2200 K. There are indications of either a prolonged candHnga
sequence or multiple temperature excursions. Evidence of movement of
molten material down the fuel-cladding gap was observed, and there is some
evidence of strong interaction of the fuel materials.

a. The term "candling” is used to denote melting, relocation, and
resolidification, similar to that which occurs to the wax of a 1ighted
candle as 1t is burned.
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Evaluations were performed to estimate the degree of mixing, physical
relocation, and segregation of core materials. The examination results
suggest that the molten core debris was mixed vigorously to produce the
degree of mixing and homogenity observed. However, the observed mixing may
be localized phenomea at the locations sampled and may not be
representative of the entire debris bed.

Evidence of physical relocation and mixing of the fuel assembly
materials was obtained by comparing the original U enrichments of the H8
and E9 fuel assemblies with the measured enrichments of samples removed
from these locations. No correlation exists between the original and
measured enrichments, indicating significant physical relocation of fuel at
the H8 and E9 locations occurred.

There 1s evidence of significant relocation and segregation of some
non-fuel core materials (Zr, Ag, In, Cd, Gd, and Al). The contributions of
these material movements on understanding the core condition and accident
scenario are:

0 The unexamined portion of the core may have zones of
heterogeneous material composition with significantly different
compositions than the debris bed samples.

0 Accumulations of Al and Te at the surface of the debris bed
suggest that the surface of the debris bed functioned as a trap
for some structural materials. Several mechanisms have been
suggested that would allow the observed segregation to have
occurred (a) during the accident (vaporization and subsequent
condensation on surfaces) or (b) during natural recirculation

after the accident (deposition of A10 (O0H) or A1203 powder on
the surface of the debris bed).

0 The concentrations of Ag tend to be higher for the smaller
(<1000 ym) particle size fractions, suggesting either finely
fragmented Ag or a retention mechanism that s surface area
dependent.
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Figure S-3 shows the normalized average retention of radionuclides in
the debris samples as percentages of the predicted concentrations contained

in a gram of U. Release of radionuclides from the fuel is in the order of
129, 137 125

expected volatilities of the radionuclides ( 1, Cs, Sb,
goSr. 106Ru. and ]“Ce). with the exceptions of ‘258b. 90Sr. and
106 12%

Ru. The retention of Sb in the core debris grab samples s less
than expected and s similar to ]37Cs. No significant fraction of the
core inventory of ]2530 has been measured outside the core region and
these data suggest that a large fraction of the core inventory of this
radlonuclide may have been transported to lower regions in the core. The
suggested mechanism for this transport 1s by reaction with structural

materials which were transported out of the debris bed. Significant

scavenging of ]2580 by structural NV was observed for several particles.

90 06

Sr was retained to a greater extent and ! Ru to a lesser extent
than was expected, based on the volatility of the elements. The greater
90Sr retentton in the samples may be attributable to the formation of
Sr0, a highly involatile oxide of Sr. The greater release of ]06Ru may
be attributed to the formation of highly volatile and quite unstable
oxides, Ru02 and Ruo‘.

Some radlionuclides exhibited significant mobility from the fuel to

other core materials and to the remainder of the reactor coolant system.

Significant fractions of the core inventories of ]37Cs and ]291 have

been measured outside the reactor core. Transport or retention mechanisms
125 90 106

for Sb Sr, and Ru are discussed above. The transport of

"4Ce from the fuel to structural materials 1s important, because this
radtonuclide Vs expected to be strongly retained in the fuel. A suggested
mechanism for the possible transport of this radionucliide from the fuel is
the formation of Ce0, a relatively volatile oxide of Ce. However,
formation of this compound requires that Ce203 ¥s reduced and would
suggest that pertods of oxidizing and reducing atmospheres occurred during
the accident. Reducing atmospheres may have occurred during periods of no
coolant or in 1solated portions of the core during secondary temperature

ramps probably after 150 minutes into the accident.
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The data obtahied from analysis of the core debris grab samples
suggest that the condition of the lower regions of the core might be
significantly different than that observed in the debris bed. The data
also suggest that radionuclides might be present as accumulations or that
there may be depleted regions lower in the core.

Retention in
fuel materials

Radionuclide Retention(%)

S S
Association with [*F§ 1291 10-28 ——s ™! Fraction of core
cladding or other =7 132(828 18 g; inventory released
structural material | ] :SGRE: 35:86 from the core
i | (leachi
in the core < |s 90Sr 91-100 (leac lng)I materials .
— 144Ce 90-130

S - Significant relocation
| - Insignificant relocation
5 3266

Figure $S-3. Schematic showing the behavior (retention/relocation) of
various radionuclides in the TMI-2 core.
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Bulk tap density

Fuel bundle

Particle

Particle size fracttions

Recombined bulk sample

Sample

BSE

cCTv

EDS

Ice
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SEM
Particle 1A

NOMENCLATURE

A representative portion of a homogeneous
particle size fraction.

Density of the bulk sample obtained by placing
the sample in a graduated beaker, tapping the

beaker to compact the material, measuring the

volume, and dividing the sample weight (g) by

the volume (cma).

Fuel assembly without end fittings.

A plece of debris. Analysis was performed on
tndividual particles greater than 1000 ym In
size. For particles smaller than 1000 pm,
analysis was performed on aliquots.

Subgroupings of the samples by particle size,
resulting from the sieving operation. The
particle sizes range from less than 20 to
greater than 4000 um.

After the particle size analysis,
approximately one-third of each particle stze
fraction was weighed, then recombined to
approximate the original sample.

A1) debris contained in a sampling tool,
as-recelved from GPU Nuclear.

ACRONYMS AND ABBREVIATIONS

Backscatter electron analysis
Closed-circuit television

Energy dispersive x-ray spectroscopy
Inductively coupled plasma spectroscopy
Scanning Auger spectroscopy

Scanning electron microscopy

tExample of notation used to identify the

particles (Particle 1A was the first of
several particles selected from Sample 1).
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Sample 3 (H8, 56 cm) « Example of notation used to identify the
samples and their original location in the
debris bed (Sample 3 was obtained from the H8
core location, 56 cm into the debris bed).
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ORAFT REPORY: TMI-2 CORE DEBRIS GRAB
SAMPLES EXAMINATION AND ANALYSIS

PART 1

1. INTRODUCTION

The Unit 2 pressurized water reactor at Three Mile Island (TMI-2)
underwent a prolonged loss-of-coolant accident on 28 March 1979, that
resulted in severe damage to the core. As a consequence of the TMI-2
accident, numerous aspects of 1ight water reactor safety have been
questioned, and the U.S. Nuclear Regulatory Commission (NRC) has embarked
on a thorough review of reactor safety issues, particularly the causes and
effects of severe core damage accidents. The nuclear community
acknowledges the importance of examining TMI-2 in order to understand the
nature of the core damage. Immediately after the accident, four
organizations with interests in both plant recovery and acquisition of
accident data formally agreed to cooperate in these areas. These
organizations, General Public Utilities Nuclear Corporation (GPU
Nuclear --owner/operator of TMI), Electric Power Research Institute (EPRI),
the U.S. Nuclear Regulatory Commission (NRC), and the U.S. Department of
Energy (DOE), collectively known as GEND, are presently involved in
postaccident evaluation of TMI-2. DOE is providing a portion of the funds
for reactor recovery (in those areas where accident recovery knowledge will
be of generic benefit to the 1ight water reactor industry of the United
States). 1In addition, DOE s funding acquisition and analysis of severe
accident data obtained from examining the damaged core.

The present condition of the TMI-2 core, as determined by closed-
circutt television (CCTV) examination and probing of the debris bed, 1is
11lustrated in Figure 1.1'2 Current estimates indicate that
approximately 20% of the total core mass is an upper layer of rubblized
debris supported by a hard crust. Approximately 65X s located between the
debris bed and the elliptical flow distributor, and approximately 10 to 20%
has relocated to below the flow distributor.
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The first materlals obtalined from the TMI-2 active fuel region were
samples from the debris bed, referred to as “core debris grab samples."
Six samples were obtained during September and October 1983, and five
additional samples were acquired in March 1984 resulting in a total sample
size of 1.37 kg out of an initlal core inventory of 126 metric tons
(~0.001%). The eleven samples were shipped to the Idaho National
Engineering Laboratory (INEL) for examination and/or distribution to other
laboratories. Ten samples were retained at INEL for examination and
analysis, and one sample was shipped to the Babcock & Wiicox (B&W)
Lynchburg Research Center.3 Of the ten samples retained at INEL,
fragmented chips from seven particles were examined by Rockwell Hanford
Operations (RHO) using differential thermal analysis and 22 particles were
shipped to Argonne National Laboratories (East and West) for metallurgical

and chemical analysts."5

The primary objectives of examining the core debris grab samples
include the following:

0 Supporting the plant recovery effort being performed by GPU
Nuclear

o Determining the physical, chemical, and radiochemical condition
of the core

] Providing data to support assessment of severe fuel damage codes,
primarily concerning core damage progression and fission product
behavior.

Results from the examination and analysis of the ten core debris grab
samples retained at INEL are presented in this report. Acquisition of the
samples, the examination plan, and analytical methods used in the
examination are discussed in Sectlon 2. Section 3 contains the results of
the examinations, grouped iInto the following general categories:



] Physical Analyses - Results of the visual and photographic
examinations, bulk tap density measurements, particle size
distribution analysis, pyrophoricity tests, and ferromagnetic
material content determination.

0 Metallurgical Analyses - Analyses performed to determine visual
appearance and elemental composition (on a microscale) of
selected particles from the core debris matertals. Estimates
were made of maximum temperatures experienced during the
accident. Discrete particles of debris were examined using
optical metallography, scanning electron microscopy with energy
dispersive x-ray spectroscopy (SEM/EDS), and scanning Auger
spectroscopy (SAS).

0 Chemical Analyses - Chemical analysis [e.g., inductively coupled
plasma spectroscopy (ICP)] was used to measure quantitatively the
elemental composition of the core debris grab samples.

0 Radiochemical Analyses - Radiochemical analysis techniques,
including gamma spectroscopy, neutron activation analysis, and
beta emitter analysis (SOSr), were used to measure the
radionuclide concentrations of the core debris grab samples and
provide information on fission product behavior. 1In addition, a
leaching analysis (cesium release and settling test) was

performed to determine radionuclide release caused by crushing
the core materials.

Section 4 presents and evaluation of the condition of the TMI-2 core
with regard to temperatures, core relocation, and radionuclide behavior,
based on the information presented in this study and information available
from other examination activities conducted to date. Conclusions and
observations resulting from the examinations are presented in Section 5.

Due to its large volume, this report has been divided into two parts.
Part 1 contains the main body of the report, and Part 2 contains
Appendixes A through H.



2. SAMPLE ACQUISITION, EXAMINATION PLAN, AND ANALYTICAL METHODS
This section discusses acquisition of the core debris grab samples,

and describes the examination plan and analytical methods used in the
examination.

2.1 Sample Acquisition

A series of CCTV inspections were made of the TMI-2 core in 1982 by
inserting a mintature television camera into the upper portion of the
active fuel region through leadscrew support tube and control rod guide
tube openings (References 1 and 2). Three core locations (H8, E9, and B8)
were chosen for inittal inspection. The inspections Indicated the presence
of a vold extending axially approximately 160 cm into the active fuel
region and radilally, in some areas, to the core former wall. The void
space comprised approximately 25X of the original core region. Fuel
assemblies were not visible in the central region of the core. Instead,
there existed a bed of rubblized core material.

After the third CCTV inspection on 12 August 1982, the debris bed was
probed by lowering a 1.3-cm-diameter stainless steel rod through the H8 and
£E9 leadscrew support tube and control rod guide tube openings. The point
at which the rod touched the debris was measured. Then, the rod was
rotated and allowed to penetrate the debris under 1ts own weight
(~13.5 kg). The rod penetrated easily to a depth of approximately 36 cm
at both the HB8 and E9 locations. The results of the probing prompted GPU
Nuclear and EG&G Idaho, Inc., to obtain samples of the particulate debris
from various depths. Three sampling depths were chosen: surface of the
debris bed, and 8 cm and 56 cm into the bed. The H8 and E9 core locations
and pre-accident locations of the control assemblies, burnable polson
assemblies, and in-core instrumentation are shown in Figure 2.

Two different sampling devices were designed and fabricated to extract
material from the debrts bed. A clamshell type tool was used to obtain
samples from the surface of the debris bed, and a rotating tube device was
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used to obtain the subsurface samples. Each device was designed to hold

approximately 33 cm3 of particulate debris. The sampling method and

devices are Yllustrated in Figure 3.

The first group of six samples of particulate debris (identified as
Samples 1 through 6) were obtained from the debris bed at the H8 and £9
core locations during September and October 1983. During initial probing
with the sampling device, a hard stop (crust) was encountered approximately
36 cm Into the debris bed at both the H8 and 9 locations. The crust was
penetrated using manual force on the sampling device. [Note: A similar
crust was encountered during subsequent debris bed probing at 15 other
locations.] After removal, the six samples were shipped to EG&G Idaho at
INEL. Subsequently, Sample 2 was shipped to the B&W Lynchburg Research
Center for examination and analysis.

After acquisition of the first group of six samples, plans were made
to obtain additional samples from deeper into the debris bed at the two
previously sampled locations (H8 and £9). The sampling apparatus was
modified to allow deeper penetration into the bed, and five samples
(tdentified as Samples 7 through 11) were obtained in late March 1984. The
maximum depth the sampling device would penetrate into the debris bed was
77 cm at the HB location and 94 cm at £9. At the H8 (77 cm) depth, a hard
stop was encountered. At the E9 (94 cm) depth, there was a friction stop
encountered rather than a hard stop. The second group of five samples also
was shipped to INEL for examinatton.

The locations of the eleven samples in the TMI-2 corea are shown in
Figure 4. The locations of the samples, both as depth into the debris bed
and distance from the bottom of the plenum assembly, given in both inches
and centimeters, are listed 'n Table 1.

a. Throughout this report, where the original location of the sample In
the debris bed is pertinent to the discussion, the core location and depth
of the sample 1n the debris bed are 1isted in parenthesis after the sample

number [e.g., Sample 3 (H8, 56 cm)].
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TABLE 1.

SAMPLING LOCATIONS OF CORE DEBRIS GRAB SAMPLES IN THE TMI-2 CORE

Sample

AU BWN —

—t
— oW

Core
Location

H8,
H8
H8
E9

a.

Depth into
Debris Bed

(in.)

Surface
3

22

Surface
3

22

14

Depth into
Debris Bed
(cm)

Surface
8

56

Surface

Distance from
Bottom of
Plenum Assembly
(in.)

Distance from
Bottom of
Plenum Assembly
(cm)

74
87.5
90.5
92
100

152
160
208
160
168
216

188
222
230
234
254

The bottom of the plenum assembly is the 312-ft reference elevation in the reactor vessel design.




2.2 Examination Plan

2.2.1 0Objectives

Acquisition and examination of the core debris grab samples is one of
"~ the tasks outlined in the TMI-2 Core Examination P\an6 which describes

the technical/sclentific data that should be acquired from examining the
THI-2 core. The general objectives of the examination include

(a) supporting the plant recovery, (b) determining the condition of the

debris bed, and (c) providing data to support assessment of severe fuel
damage computer codes. Using the general objectives as a gulde, an
examination plan was developed which would produce data to address the
following specific Informational needs:

0 The physical form of the core debris (particle size, shape,
morphology, origin, etc.)

0 Pyrophoric potential of materlals present in the debris

0 Chemical form and composition of the varlous types of particles
and peak temperatures to which those materials were exposed

o Chemical form of the debris (fuel, cladding, control material,
structural material, reaction product, etc.)

o Identity and quantity of fission products retained 1n the debris
0 Present location of core materitals

o Leaching rates of radionuclides from existing and freshly created

surfaces

0 Unanticipated defueling concerns (filtration properties, settling
rates, etc.).

1



The information'is important in planning the defueling of TMI-2. The
physical form of the debris (particle size and structure) is important
because small sized particles may be suspended during defueling and cause
cloudiness of the water, thus obstructing operator vision. Particle size
distribution data will help determine the types of filters, cyclones, etc.,
needed to clean the water and remove the debris during defueling. The
presence of pyrophoric materials may indicate that even larger
concentrations of those materials exist below the loose debris, which must
be considered during defueling and shipping of the TMI-2 core debris.
Characteristics of the physical state of the debris particles (e.g.,
presence of prior molten materials) may provide a clue as to the nature of
the core material underneath the loose debris layer. The physical and
mechanical properties of the core debris materials will influence the
design of tools and methods for defueling. The retained fission product
content of the debris also is important because it represents a potential
radiological hazard that must be controlled. The rate at which
radioisotopes leach from the debris will affect the level of radioactivity
in the water during defueling.

Assessment of severe fuel damage codes is important in predicting
overall reactor safety. Data obtained from the damaged TMI-2 core will be
the most extensive full-scale data available for code benchmarking.
Information on peak temperatures, fission product transport and retention,
and final physical state can be compared directly with code predictions.
The TMI-2 accident scenario was inferred from a combination of code
calculations, analysis of core materials, evaluation of data from on-line
instrumentation, and results from other severe accident research.

2.2.2 Examination Plan

The high radiation fields (up to 100 rad/h) assoclated with the
samples necessitated analyzing only portions of the samples in some cases.
Most chemical and radiochemical analysis techniques are limited to
relatively low radiation fields (<400 mrad/h). It was realized that by
reducing the quantity of material analyzed to attain acceptable radiation

12



levels, the small portions might not be representative of the entire
sample. Therefore, a sampling and analys)s plan was developed which
included analyzing entire samples, as well as small portions.

A flow diagram of the plan developed for examining the core debris
~grab samples s shown in Figure 5. The same information 1s presented in
Table 2, except the examinations are organized according to the general
category of examination (physical, metallurgical, chemical, and
radiochemical). Each bulk sample was examined visually, photographed,
dried, weighed, measured for bulk tap density, and steved into particle
size fractions (up to ten size fractions with particle diameters ranging
from less than 20 to greater than 4000 um). Individual particles were
selected from the larger (>1000 um) particle size fractions. An

aliquot (a representative portion of a homogeneous particle stze fraction)
was removed from each smaller (<1000 um) size fraction. The Individual
particles and aliquots were subjected to a varlety of analyses (see
Figure 5). Ferromagnetic material content examinations were performed on
Sample 6, and pyrophoricity tests were performed on portions of Samples 1,
3, and 6. Approximately one-third of each particle size fraction was
recombined to approximate the original bulk sample (called the “recombined
bulk sample®). The recombined bulk samples were dissolved in acid
solutions and analyzed to determine their average elemental and
radiochemical compositions. The remainder of the particle size fractions
for Sample 6 were subdivided, and a second recombined bulk sample was
formed. Cesium release and settling tests were performed on this second
recombined bulk sample.

2.3 Analytical Methods

This subsection summarizes the analytical methods used in examining
the core debris grab samples. Brief descriptions of individual examination
techniques are contained in Appendix A. The methods used for analyzing the
core debris grab samples were, in most instances, standard laboratory
techniques, with modifications to adapt them to the physical
characteristics of the sample material and high radiation levels.

13
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TABLE 2. EXAMINATIONS PERFORMED ON THE TMI-2 CORE DEBRIS GRAB SAMPLES

particles

Bulk and Recombined?
Examinations Sample Aliquots Bulk_Sample
Physical
Visual and photographic X X --
Weight X X X
Bulk tap density X - .-
Particle size distribution X - -
Ferromagnetic material content X -- .-
Pyrophoricity - X -
Metallurgical
Optical metallography - xb --
Scanning electron microscopy (SEM)/ -- xb -
energy dispersive x-ray
spectroscopy (EDS)
Scanning Auger spectroscopy (SAS) -- xb --
Chemical
Inductively coupled plasma -- X X
spectroscopy (ICP)
Radiochemical
Gamma spectroscopy -- X X
Neutron activation/delayed -- X x<
neutron analysis for fissile
ertile material content
1291 analysis -- X -
90y analysis -- X X
Cesium release and settling test - -- X

a. After particle sfze analysis of each bulk sample, approximately
one-third of each particle size fraction was weighed, then recombined to
approximate the original sample. Hence the term "recombined bulk sample.”

b. Metallurgical examinations were performed only on selected particles
larger than 1000 um.

c. Fertile materfal content analysis was not performed on the recombined
*bulk samples.
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2.3.1 Physical Examinations

Visual and photographic examinations were performed during unpackaging
and throughout the handling operations of the bulk samples and particle
size fractions to determine the sizes, shapes, and types of particles in
the samples. The samples were dried at 100°C and weighed. The bulk tap
density of each sample was measured by placing the sample in a graduated
beaker, tapping the beaker to compact the material, measur1ng the volume,
and dividing the sample weight (g) by the volume (cm ). The bulk tap
density measurement has a relatively high (~40%) uncertainty but is fast
and easy to perform. GPU Nuclear requested this examination to obtain an
approximation of the debris bed density. The bulk tap density measurements
results include all uncertainties resulting from voids, uneven packing, and
irregular shapes of particles. A more precise (wet) density measurement
was not performed because the degree of accuracy associated with that

technique was not required.

The particle size distribution was determined for each bulk sample,
using a column of progressively smaller sieves. New sieves were used for
each sample to prevent cross contamination. After transferring (dry) the
bulk sample to the sieve column, the grab sample was agitated for several
minutes to segregate it into particle size fractions according to sieve
aperture size. Two of the core debris grab samples (Samples 4 and 5) were
not subjected to a complete particle size analysis because they are
composed principally of large (>1000 ym) particles. The sieve
fractions containing large (>1000 ym) particles were transferred
directly to storage containers. The smaller (<1000 um) particle size
fractions were wet sieved (using a freon wash) and transferred to storage
containers. Wet sieving was performed to reduce the loss of particles by
aerosol transport or adherence to sieve surfaces. Each particle size
fraction was examined visually, photographed, and weighed. The
ferromagnetic material in each particle size fraction of Sample 6 was
removed, weighed, and gamma scanned. Pyrophoricity tests were performed at
INEL on material from all particle size fractions from 30 to 4000 um for
Samples 3 and 6. RHO also performed differential thermal analysis tests on
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fragmented chips from seven particles from Samples 1 and 6. The particle
s1zing, ferromagnetic determination, and pyrophoricity tests were performed
at the request of GPU Nuclear to support the plant recovery effort.

After completing the physical examinations of the bulk samples,

"discrete particles were removed from the larger (>1000 um) size

fractions for individual examination, and aliquots were obtained from the
smaller (<1000 um) size fractions. The remainder of the sample

material was temporarily stored, pending further examinations, should they
be required. Selection of discrete particles was not done on a
representative basis; that s, particles were chosen based on specific
characteristics of interest (shininess, surface characteristics, pleces of
cladding, fuel pellets, etc.). The discrete particles and aliquots were
examined visually, photographed, and weighed. Portions of each particle or
aliquot were removed and encapsulated in preweighed aluminum cylinders in
preparation for radiochemical examination.

2.3.2 Netallurgical Examinations

The large particles generally could be visually classified in one of
five categories: fuel; cladding; foamy/porous, prior molten; composite
fuel/prior molten; or metallic. Particles from each category were examined
metallurgically. Prior molten fuel material was identified by 1ts foamy,
glazed, or layered appearance; structural material was tdentified by its
metallic (shiny) appearance. The particles selected for examination were
not homogeneous; thus portions removed earlier from particles for
differenti1al thermal analysis at RHO and radlochemical analyses were not
necessarily representative of the portion examined metallurgtcally.

Init1ally, seven particles were selected from Samples 1 and 6 for
metallurgical analysis at INEL. Subsequently, 22 additional particles were
selected from Samples 1 and 3 through 11 for metallurgical analysis at
Argonne National Laboratories. The 29 particles were mounted in conductive
Bakelite to facilitate later analysis by SEM. They were ground, to expose
. the surface to be examined, and polished. Photographs were taken at
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magnifications from 15 to 500X. Most particles were etched using a fuel or
zircaloy etchant and rephotographed. After optical metallography, 27
particles were examined by SEM/EDS. Fourteen of those particles were
selected because of their unusual microstructural compositions and were

further examined by SAS.

Microstructural information was obtained from the optical
photomicrographs. The volume fractions and distribution of diffcrent
phases and transformation structures were identified to obtain information
on the thermal histories of the particles. In addition, general
compositional information was obtained based on color and reflectivity of

the material.

Additional microstructural information was obtained at magnifications
up to 2000X, using SEM/EDS analysis. Phase and elemental distributions
were obtained from the backscatter electron image, and elemental
identification was obtained from EDS for elements with atomic numbers down

to 12 (magnesium).

SAS was used to obtain quantitative elemental data for elements with
atomic numbers down to 5 (boron). In particular, this analysis was able to
quantitatively measure the oxygen content, which is critical in determining
the melting temperature of U, Zr, and 0 mixtures.

2.3.3 Chemical and Radiochemical Examinations

Portions of selected particles from the larger (>1000 ym) particle
size fractions and aliquots from the smaller (<1000 ym) particle size
fractions from each bulk sample were analyzed by gamma spectroscopy and
delayed neutron analysis to determine the radionuclide and fissile/fertile
material contents. Those portions then were dissolved for subsequent
chemical and radiochemical analyses. The solutions containing the
dissolved core debris materials were divided so that portions could be
analyzed using both radiochemical and standard chemical techniques. All
decay activity data are corrected to April 1, 1984. After dissolution,
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fertile matertal analysis could not be performed on the 1iquid samples
because of the relatively high hydrogen content in the solutions, which
would Interfere with the fertile matertal measurements.

Intt1al attempts at dissolving the core debris material indicated that
much of 1t was insoludble using normal dissolution methods (HNO3 + HF).
Therefore, a pyrosulfate fusion technique was modified and produced
satisfactory results. The dissolution was performed in a closed system to
contaln the volatile ]291 and Te (Figure 6).a Stable carrier I and
]311 tracer were added to the fusion to determine losses of ]291 during
the dissolution process. To evaluate the loss of Te in the dissolution,

‘ste as a tracer. Experiments

several experiments were performed using
indicated retention of more than 80% of the lste tracer in the
nonvolatile portion of the dissolved material. The rest of the

tracer (~20X) was probably lost by plateout on the glassware.

125Te

The ]291 content In the volatile fraction of the dissolved material
was determined using neutron activation. Subsequent gamma spectroscopy of

the material determined the amount of ]311 tracer and ]301 (an

activation product of ]291).

The 90Sr content was determined by placing the nonvolatile portion

of the dissolved matertal in solution In water and precipitating the 9OSr

and Sr carrter out as a carbonate. The 90Sr fraction was filtered and
analyzed using the standard analysis method discussed in Appendix A.

Generally, all other elements remained in the nonvolatile portion.
Inductively coupled plasma spectroscopy (ICP) was used to analyze for the
following elements: Ag, Al, B, Cd, Cr, Cu, Fe, Gd, In, Mn, Mo, N}, Nb, S,
Sn, Te, U, and Zr. These elements plus oxygen are the principal elemental

a. Volatility, as used in this section of the report, applies to
dissolution and subsequent gasification of elemental components for which
analyses were performed. Because of the temperature and acidity conditions
during the dissolution, the volatile materials of iInterest would become

- gaseous and dissoclate from the solution.
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5 3232

Figure 6. Schematic of the pyrosulfate fusion technique used to dissolve
particles and aliquots from the core debris grab samples.
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constituents present In the core. To evaluate losses of these constituents
from the pyrosulfate fuslon dissolution and subsequent separations, the U
content measured by ICP was compared with the U content measured by delayed
neutron analysis of the material before dissolution. Similar results
(within 10 to 15X) were obtained, indicating that 1ittle matertal was lost
FYor most samples during the dissolution and separations. The ICP results
were used in determining sample compositions and ratios of the elements.

tach recombined bulk sample was dissolved and analyzed to measure its
average elemental and radiochemical concentration. Dissolution of the
recombined bulk samples was difficult because of the relatively large (up
to 50 g) mass of highly insoluble debris. The dissolution was performed in
a hot cell because of the high radiation fields (up to 100 rad/h,
B/y). Safety concerns prevented using the pyrosulfate fusion technigque
in a hot cell because of the potential for fire or explosion. Therefore, a
sequential dissolution was performed using acids of lesser strengths. The
dissolutions were performed in a closed quartz system similar to Figure 6,
but at lower temperatures using a hot plate instead of a high temperature
burner. The acids and sequence of use were: (a) 6M unoa,
(b) M Hno3 + 1M HF, and (c) aqua regla. Dissolution of each recombined
bulk sample required 3 to 4 days, with several additions of HC1 to the aqua
regia solutiton.

The resulting volume of solutions for each recombined bulk sample
ranged from 300 mL to 1 L, with specific activities up to 200 mrad/h per miL
of solution. Small (~10 mlL) portions of each solution were removed,
diluted, and analyzed using the techniques described previously for the
particles and aliquots. No ‘291 analysts was performed because the

131
sequential dissolution made use of stable carrier I and I tracer
unfeasible.
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3. EXAMINATION RESULTS/DISCUSSION

This section presents results of the physical, metallurgical,
chemical, and radiochemical examinations of the TMI-2 core debris grab
samples, as described in Section 2. Principal results include the

following:

0 Most of the particles examined contain regions of prior molten
U-Zr-0, indicating that peak temperatures greater than 2800 K
were reached in the core. Also, there are a few prior molten
particles that are almost pure U02, suggesting temperatures up
to 3100 K.

0 The regions of prior molten U-Zr-0 usually contain at least
traces of some structural materials (A1, Cr, Fe, and N1). These
elements often are found at grain boundaries or in voids. For
some particles, structural materials are a significant fraction
of the particle. Control rod materials (Ag, In, and Cd) are not
as prevalent as structural materials.

0 Ag, a control rod material, apparently had less of a tendency to
mix or interact with fuel rod materials (Zr and U) than did
structural materials. Significant depletion of Ag (~90%) from
the samples was observed.

] The data suggest the occurrence of prolonged candling sequences
or multiple temperature excursions during the accident.

0 Evidence was found of the flow of molten metallic U and Zr inside
ballooned cladding.

) Significant Zr depletion (<50%) has occurred from the majority

of the samples analyzed, indicating significant relocation of Zr
from the debris bed.
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0 Evidence of significant relocation/mixing of core materials 1s
inferred from the distribution of Gd and the U enrichments.

o Al and Te appear to have concentrated at the surface of the
debris bed.

o The radionuclides are retained in the samples in the approximate
order of their volatilities.

0 Some evidence was found which indicates a correlation between NI

content and 12SSb and ]osku concentrations.

The results are discussed in detail in the following subsections.

3.1 Physical Analyses

This section describes the results of the visual and photographic
examinations, weighing, bulk tap density measurements, particle size and
weight frequency distribution analyses, categorization of particle types,
and ferromagnetic and pyrophoricity tests performed on the 10 samples.
These examinations provided the first information on the condition and
composition of the core debris material. It was determined through these
tests that the particles range from approximately 10 millimeters to a few
micrometers in size. The particles were categorized visually by type.
There are five general types of particles ranging from basically unaffected
segments of fuel pellets and cladding to prior molten material. The
smaller (<1000 pm) sized particles contain about 10% ferromagnetic
material.

The results of the physical examinations were used to help develop the
follow-on examination plan and select the types and quantities of materials
for the subsequent metallurgical, chemical, and radiochemical examinations.
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3.1.1 Visual and Phoiog[qph1c Examipnations and Welghts of Bulk Samples

As the sampling tools were opened and the contents removed, visual
examination was conducted and photographs were obtained of each sample.
Photographs of each bulk sample are presented in Appendix B. Overall
description of the ten samples, including their original locations in the
reactor, weights, gross gamma radiation levels, and visual characteristics

as first examined are presented in Table 3.

As the sampling tools were opened, most of the samples were observed
to be stratified according to particle size (the larger particles were at
the top and the smaller particles at the bottom of the sampling tool
chamber). Because most of the subsurface samples had this type of
stratification, 1t was concluded that the smaller particles settled to the
bottom of the sampling tools as a result of the sampling technique and/or
handling and shipping operations. The debris bed most probably would not
have had a similar stratified distribution at each of the several depths

sampled.

3.1.2 Bulk Tap Density

Dry bulk tap density measurements were made for Samples 1, 3, 6, 9,
10, and 11 (Table 4). The average of the densities from the first group of
samples (Samples 1, 3, and 6) is 30% less than that from the second group
(Samples 9, 10, and 11). The particle size distribution analysis performed
subsequently (see Section 3.1.3) revealed that Samples 1, 3, and 6 have the
largest particle size fraction of material in the 1680 to 4000-um size
range, whereas Samples 9, 10, and 11 show a bimodal distribution, with
peaks at the 1680 to 4000-ym and 297 to 707-um sizes. The greater
weight percent of small particles in Samples 9, 10, and 11 probably allowed
more efficlent packing and, therefore, caused the higher bulk densities.
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TABLE 3. RESULTS OF VISUAL AND PHOTOGRAPHIC EXAMINATIONS, WEIGHING, AND GROSS RADIATION SURVEY OF
THE TEN BULK SAMPLES

Gamma
Oepth of sample  Radfation

: Sample in .
Sempling  TMI-2 Core Debris Bed  Weight  Leve) b
Semple _Tool _ _Location _ (c®) (rad) Yisual Characteristics
1 Clamshell HB Surface 70.88 16¢ A pile of very black, damp debris with a fairly wide range of

particle sizes (up to 10 mm); several rounded surfaces; sporadic
rust color throughout.

3 Rotating H8 56 152.71 36¢ Very black, slightly damp debris with wide ran?e of particle sizes
tube (up to § mm); small chunks to fine debris; similer to Sample 1.
4 Clamshell £9 Surface 16.59 3¢ Thirteen major chunks of black, dry debris with rust colored sides;

basically sharp edges with one or two chunks having rounded edges;
dimensions range from 5 to 10 mm.

L) Rotating E9 8 90.96 18¢ Similar to Sample 4 with the following differences: @any more
tube pieces, greater size range (1 to 10 sm), some surfaces more
reflective; very dry.
6 Rotating E9 56 140.73 36¢ very black, slightly damp debris; small chunks to fine debris;
tube some pieces blackish gray; a few pleces resemble metal shards
similar to Sample 3.
7 Rotating H8 36 135.86 20d A wide range of particle sizes (up to 10 mm); porous surfaces;
tube sporadic rust areas.
8 Rotating H8 70 152.76 229 A wide range of particle sizes (up to 5 mm); smooth, angular
tube surfaces; pieces of cladding.
9 Rotating H8 77 153.08 25d very fine, dark debris with only a few larger rounded chunks and
tube : metallic particles.
10 Rotating £9 74 173.90 30d A wide range of particle sizes (up to 10 mm); rounded, angular
tube surfaces.
1 Rotating E9 94 148.75 209 similar to Sample 10 with the following distinctions; 2 larger
tube fraction of particles resemble fuel pieces, more smaller chunks.

a. Ragiation levels measured using a teletector probe on the exposed sample.
b. All samples appeared to be of a joose granular nature with some sharp or rounded edges .
c. Reading at 2.5 cm.

¢. Reading at 5 cm.




BULK TAP DENSITIES OF THE TMI-2 CORE DEBRIS GRAB SAMPLES

TABLE 4.
Depth of Sample e
TMI-2 Core in Debris Bed Bulk Tap Dgns1ty
Sample Location (cm) (a/cmd)
1 H8 Surface 3 e
- i 56 3.8
; = 56 3.5
3.6P
: He 77 5.0
4 £ 74 5.5
. - 94 5.0
5.2€

a. Bulk tap densities were not measured for Samples 4, 5, 7, and 8.

b. Average of Samples 1, 3, and 6.

c. Average of Samples 9, 10, and 11.
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3.1.3 Particle Size Distribution

The particle size distribution of the samples was determined using the
method described In Section 2.3.1. The particle size fractions wcre
welighed and photographed (see Appendix B). Results of the particle size
distribution analyses are presented in Table 5. Also, the cumulative
welght distributions of each sample and the combined samples are shown in
Figures 7 and 8. The particle size distribution as a function of depth
into the debris bed s shown In Figure 9.

Five samples from the H8 core location (Samples 1, 7, 3, 8, and 9, in
order of depth into the debris bed) were examined at INEL. The particle
size distributions of Samples 1, 7, and 8 are similar In that 81 to 86 wtX
of the sample matertal is larger than 1000 ym in size, and the 1680 to
4000-ym particle size fraction contains the most materlal. Sample 3 had
90 wtX of 1ts material larger than 1000 ym In size; however, the largest
amount of material was in the greater than 4000-um fraction. Sample 3
was obtained about 20 cm below where a breakable crust had been contacted
during the sampling process, which may account for its greater weight
percent of larger sized particles. Sample 9 was the deepest sample
obtained from the H8 location. During sampling, a hard stop was
encountered by the sampling tool at 77 cm into the debris bed. Only 59 wtX
of the material was larger than 1000 ym in size, Indicating elther some
setl1ing of the fine material occurred in the debris bed or washout of the
fine materjal occurred from the upper layers. Sample 9 also showed a
bimoda) distribution of particles, with the major peak at the 1680 to
4000-pm size fraction and a minor peak at the 300 to 710-um size
fraction. The bimodal distribution indicates a more efficient packing and
subsequent higher density for this region of the debris bed.

Five samples (Samples 4, 5, 6, 10, and 11, in order of depth into the
debris bed) were removed from the E9 location (about mid-radius in the

core). The first two samples (Samples 4 and 5) contain only large
(>1000 um) particles, which correlated with observations made during

the CCTV inspection at this location. Sample 6 (E9, 56 cm) was similar to
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TABLE 5. RESULTS OF THE PARTICLE SIZE ANALYSIS OF THE TMI-2 CORE DEBRIS GRAB

SAMPLES

Particle Sample 1 Sample 3 Sample 42 Sample Sb Sample 6 Sample 6
Size Fraction
— (wm)  (9)  (wt%) (g) (wtz) (g) (9) W% (g) (wtz) (g}
>4000 12.62 18.4 63.75 42.9 - 69.57 77 57.99 42.0 --¢
1680 to 4000 27.82 40.6 51.45 34.7 - 13.96 15.5 49.39 35.8 0.39

1000 to 1680 15.64 22.8 19.19 12.9 - 6.25 6.9 13.88 10.1 0.30
> 1000 - 81.8 -~ 90.5 -- -- 99.5 -- 87.9 -
<1000 -- -- -- - - 0.44 0.49 - - -
707 to 1000 7.80 11.4 5.49 3.7 -- -- - 8.93 6.5 0.25
297 to 707 3.20 4.7 6.34 4.3 -- -- -- 5.99 4.3 0.19
149 to 297 0.87 1.3 1.27 0.86 -- -- - 0.97 0.70 0.025

74 to 149 0.44 0.64 0.77 0.52 .- -~ -- 0.67 0.48 0.023

30 to 74 0.17 0.25 0.18 0.12 - - -- 0.22 0.16 --
<30 --d -- 0.013 0.01 -- -- -- -- --d --d
Summed weight 68.56 . - 148.45 - -~ 90.22 - 138.04 -- 1.178
Initial weight 70.88 - 152.71 - 16.59 90.96 -- 140.73 -—- -
Sample loss® 2.32 3.3 4.26 2-8 -- 0.74 0.8 2.69 1.9 --

Sample 7f Sample 79 Sample 8 Sample 9 Sample 10 Sampie 11
{9) (wtX) (9) (wtx) _(g)  (wtx) _(g) = (wtx g)  (wtz (9)  (wx

>4000 7.38 5.46 5.48 4.04 28.39 18.61 5.69 3.73 15.93 9.32 30.58 20.59
1680 to 4000 59.44 43.98 54.14 39.89 74.55 48.86 53.81 35.26 88.03 51.49 57.44 38.67
1000 to 1680 43.29 32.03 43.70 32.20 28.91 18.95 30.63 20.07 33.56 19.63 21.20 14.27
> 1000 110.11  81.47 103.32 76.13 131.8% 86.42 90.40 59.23 137.52 80.44 109.22 73.53
707 to 1000 13.48 9.97 15.70 11.57 9.13 5.98 16.18 10.60 11.59 6.78 10.89 7.33
297 to 707 9.77 7.23 12.11 8.92 7.49 4.90 25.31 16.58 14.76 8.63 16.90 11.38
149 to 297 0.89 0.66 1.61 1.19 1.35 0.88 9.03 5.92 3.96 2.32 6.57 4.42
74 to 149 0.54 0.40 0.93 0.69 0.95 0.62 5.34 3.50 1.78 1.04 2.91 1.96
30 to 74 0.35 0.26 1.77 1.31 1.20 0.79. 5.66 3.71 1.36 0.80 2.03. 1.36
<30 0.02 0.01 0.27 0.20 0.60 0.39 0.96 0.63 - -- -- --
Summed weight 135.16 -~ 135.71 -- 152.57 -- 152.61 - 170.97 -- 148.52 -
Initial weight 135.86 - 135.71 -- 152.76 -- 153.08 - 173.90 - 148.75 --
Sample loss 0.70 0.52 - -- 0.19 0.12 0.47 0.31 2.93 1.68 0.23 0.16

a. Sieving was not done. Sample consisted of only large particles.
b. Sieving was limited to four sizes. Sample consisted of mostly large particles.
c. Ferromagnetic material weights. These values are subsets of their respective particle size fractions for Sample 6.

d. None detected (not measurable).

e. The sample loss defines the quantity of material lost during seiving; however, the particle size distribution of the
lost material is not known.

f. After 5-min shake.
g. After l-h shake.
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Sample 3 (H8, 56 cm) in that about 88 wtX of the material was larger than
1000 um, of which the largest amount was greater than 4000 uym in size.
Samples 3 and 6 were obtained from the same depth (56 cm) into the debris
bed, indicating that the effect of the breakable crust may be fairly
uniform across the reactor core. Samples 10 and 11 were similar to
Sample 9 from the H8 position in that they exhibited a bimodal particle
size distribution.

3.1.4 Weight Frequency Distribution

The weight frequency is defined as the distribution of the sample
weight as a function of particle size fraction. The following weight
frequency distribution information was extracted from GPU Nuclear
evaluations of the particle size distribution analyses performed at INEL
and B&W. The distribution of weight frequency, for each sample 1s shown in
Figures 10 and 11.

The weight frequency, f, of particle size Dp is calculated as follows:

f - io5 ()
where
f = weight frequency (%/um)
AR = weight percent of particles belonging to the given
particle size range (%)
ADp = span of the given particle size range (um).

The weight frequency was calculated with the assumption that all particles
were in the 10 to 6000-um range.
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The eftect of agitation time during sieving for Sample 7 is shown in
Figure 10. The 1-h shake caused conversion of portions of the materlal In
the greater than 4000 um to 1680-ym size ranges to the smaller size
ranges, notably the 30 to 74 um range.

From Figure 10, the following observations were made of samples from
the H8 location:

1. The mode sizes (particle size with the highest f value) of
Samples 1 and 7 are In the range of 707 to 1680 um.

2. The mode sizes of Samples 3, 8, and 9 decrease as the depth into
the debris bed Incrcases.

3. The welght frequency of the largest particles (1.e., greater than
4000 pm, shown as 4000 to 6000 ym in Figure 10) decreases as
the depth increases for the group of Samples 1 and 7 and the
group of Samples 3, 8, and 9, but i1t is discontinuous between
Sample 7 (HB, 36 cm) and Sample 3 (HB8, 56 cm).

4. For Sample 9 (H8, 77 cm), the 30 to 74 um particle size range
shows a very high weight frequency. This suggests that the small
particles were prevented from falling deeper at the H8 location
by a blockage which was felt as the hard stop during sample

acquisition.

Observations 1, 2, and 3 suggest that the debris particles at the H8
location are stratified into two layers, with the boundary located bctwcen
36 cm and 56 cm below the surface of the debris bed. This is supported by
the existence of a penetrable "crust-1lke" layer felt during sample
acquisition.

From Figure 11, the following observations were made of samples from
the £9 location:
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1. The mode sizes of Samples 5, 6, 10, and 11 decreases as the depth
into the debris bed increases.

2. No particular discontinuity is apparent between the weight
frequency distributions of samples from the E9 location.

3.1.5 Particle Types

The larger particlie size fractions for each sample were examined
visually after particle sizing, and five general (types) categories of
particles were identified based on visual appearance, including
(a) apparent fuel pieces; (b) cladding chunks; (c) foamy/porous, prior
molten material; (d) particles that are a composite of fuel and prior
molten material; and (e) metailic appearing, prior moiten particles. Based
on subsequent metallography and chemical analysis of several particles from
each type, the composite particles generally are assumed to be fuel pellets
with a prior molten U-Zr-0 material coating the surface or gluing the fuel
particles together. The composite particles have rounded edges and corners
and sometimes a glazed surface appearance. It is assumed that the metallic
appearing, prior molten particles are probably the structural materials
with lower melting temperatures. Examples of particles from each of the
five types are shown in Figures 12 through 16.

In general, all particle types were found in all samples. However,
some trends could be noted. Samples 1, 7, and 8 from the H8 location
appeared similar visually. No easily recognizable cladding pieces were
found in the largest particle size fractions of those samples, although
subsequent examination did reveal some cladding pieces with fuel attached
in all three samples. About 15% of the larger sized particles were
recognized as fuel pleces, and the remaining material consisted of foamy,
highly porous particles and composite particles. Sample 7 had a higher
fraction of foamy particles than did Samples 1 and 8. Sample 3 was similar
to Samples 1, 7, and 8 in that the fuel pieces composed about 15% of the
large particles, however, the sample contained mostly composite particles
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Figure 12. Photograph of particle 1B (H8, surface) showing an example of a
fuel piece.
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Figure 13. Photograph of Particle 6F (E9, 56 cm) showing an example of a
cladding piece. "

38



Figure 14. Photograph of Particle 1H (H8, surface) showing an example of a
foamy piece.
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Back view of part1c1e‘

Figure 15. Photograph of Particle 8C (H8, 70 cm) showing an example of a
composite piece.
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view of particle

Figure 16. Photograph of Particle 9G (48, 77 N} shuwing an example
of a metallic piece.
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having a glazed surfacé appearance. One particle had a prior molten,
metallic portion attached to a composite piece. Sample 9 contained two
unique metallic pleces that were selected for further examination.

Samples 4 and 5 from the E9 location contained about 30% recognizable
fuel particles in the largest size fraction, 15% foamy material, and 55%
composite material. Sample 6 was unique in that it contained more cladding
pieces than all of the other samples. Sample b6 was obtained 20 cm below
the breakable crust and had a different particle size distribution than the
other samples. It is not apparent why there would be more cladding
fragments 20 cm below the breakable crust. Samples 10 and 11 from the E9
location are similar. The distribution of particle types observed in each
sample for particles larger than 1000um are summarized in Table 6.

3.1.6 Ferromagnetic Material Content

The ferromagnetic material content test was performed at the request
of GPU Nuclear to determine the quantity of demonstratably magnetic
material (1.e., low concentration would not be measurable) that exists in
the core debris. The information obtained is used to evaluate potential
defueling techniques and determine the extent to which the Fe in the
stainless steel and Inconel core materials has undergone a chemical change
to magnetite (Fe304).

The total quantity of ferromagnetic material present in Sample 6 was
1.178 g (0.9 wiX of the total sample weight) (see Table 5). Approximately
95 wtX of the ferromagnetic material was larger than 297 um in size. No
particles larger than 4000 um were found to be ferromagnetic.

3.1.7 Pyrophoricity Study

The phenomenon of pyrophoricity was investigated to evaluate the
possibility of pyrophoric reaction during removal and storage of the
damaged TMI-2 core. A review of literature on pyrophoricity (concentrating
on experiences of the nuclear industry with Zr metal), combined with
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TABLE 6. PARTICLE TYPE DISTRIBUTION OF THE TMI-2 CORE DEBRIS GRAB SAMPLES?

Particle T_ypesb

Sample Fuel Cladding Foamy/Porous Composite Metallic

1 15 0 20 65 0
3 15 0 10 75 0
4 30 0 15 55 0
5 30 0 15 55 0
6 50 20 10 10 10
7 15 0 64 21 0
8 12 2 27 59 0
9 18 0 0 73 9
10 54 0 0 46 0
11 48 0 7 45 0

a. Given as approximate percent of larger (>1000 um) sized particles.
Less than 1% was rounded off to zero.

b. There are five general types of particles found in the core debris grab
samples. See Section 3.1.5 for descriptions of each type.
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evalualion of core material reactions at high temperature that occurred
during the TMI-2 accident, indicate that pyrophoric reactions during
defueling would be unlikely.

A series of ignition tests were performed at INEL on samples of core
materials removed from all size fractions between 30 and 4000 um of
Samples 3 and 6. The samples were tested under both wet and dry
conditions, and ignition of the material was attempted using both a Tesla
Coil and a propane torch. In no case did ignition of the materials

occur.

Differential thermal analyses were conducted by Rockwell Hanford
Operations on fragmented chips from seven particles (Appendix H). The
particles generally showed 1ittie thermal activity, although one particle
produced a large, broad release of energy (exotherm) of 761 cal/g, spanning
nearly 500 degrees, starting at about 550°C.8 This exotherm occurred at
much higher temperatures than those observed for samples of Zr powder and
partially oxidized Zr powder. If the exotherm is due to the oxidation of
Zr, the Zr in the sample must have been coated with a thick
non-combustible, possibly oxide, layer which protected it at Tower
temperatures. The results of this test are contained in Appendix H.

3.2 Metallurgical Analyses

Twenty-nine particles from the ten core debris grab samples rctained
at INEL were selected for metallurgical analyses. Twenty-two particles
were studied jointly by EG&G Idaho and Argonne National Laboratories (East
and West), while the remaining seven were characterized by EG&G Idaho and
Westinghouse Idaho Nuclear Co. This section presents results of the
optical metallography, scanning electron microscopy with energy dispersive
x-ray spectroscopy (SEM/EDS), and scanning Auger spectroscopy (SAS). From
these analyses, the microstructural appearances and elemental compositions
of the particles were determined, estimates were made of maximum

temperatures experienced during the accident, and interactions between fuel
rod and non-fuel rod materials were investigated.
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3.2.1 Summary of Examinatlons

The metallurgical analyses provided data in the form of optical
photographs, SEM backscatter and secondary electron images, x-ray spectra
from the SEM/EDS examinations, and quantitative elemental compositions from
the SAS analyses. The area fractions of the major components, grain sizes,
and peak temperature estimates are summarized in Table 7. Elcment
tdentification is based on the SEM/EDS data, except for oxygen content
which is based on the SAS data, (note that not all particles were analyzed
by SAS). The oxygen contents 1isted in Table 7 represent the ranges found
in the base material (not inclustons or grain boundary phases). Area
fractions of the varlous components were determined from visual examination
of optical photographs and SEM images. Fuel grain size was determined
using the 1ine intercept method with a 2-D to 3-D conversion factor of
1.52.2 The grain stze Yisted for Particle 4A was from the minimum grain
size region of that particle. The peak temperature estimates shown in
Table 7 are discussed in Section 3.2.2. The “other phases® referred to in
Table 7 are the vartous matertals found in grain boundaries and voids,
along with the trace amounts of Fe that were sometimes found in the base
matertal, and are discussed in Section 3.2.3. The composition of
inclusions represents the average or typical inclusion (see Section 3.2.3).

Detalls of the metallurgical data are presented in Appendix C,
including representative optical photographs and SEM images, and detalled
qualitative SEM/EDS and quantitative SAS data. Appendix C also contains
brief descriptions of each particle, and summarizes elemental compositions
of each particle.

3.2.7 Temperature Estimates

Estimation of the temperature history s important for many aspects of
the analysis of the TMI-2 accident and is required for defining the

a. M. 1. Mendleson, "Average Grain Stze in Polycrystalline Ceramics,"”
Journal of the American Ceramic Socliety, Vol. 52, No. 8, August 1969,
p. 443.
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TABLE 7. SUMMARY OF METALLURGICAL ANALYSIS OF THE TMI-2 CORE DEBRIS GRAB SAMPLES
Oxygen Content
Range of
a a a Area® Area Fraction? Base Material Eslimated
Area Graln Area Area Fractton of Unox1dized Jraces of From Auger Peak
fraction Size Fractton Fraction of Other Composition Metallic Reglons Iron Found in Analysis Temperature
Particle _of Yox {pm) of (U,2r)0x of Zr0x Phases of Incluslons (not inclusiens) Base Materlal fat%) _ _  _ _(K}____
1A 0.5 10 0.3 {U,ZIr) Tr -- - 0.2 2r - -- 2170-2245
metallic
8 1 12 Ir Tr - -~ —— Yes - 2170-2600
113 0.1 - 0.1 0.2 -- -~ 0.6 Ir Yes ~67b 2610-2960
L) -- - 0.8 -- 0.2a' - -- -- -- >2810
3L — - B - -- -- —_— - 65-12 >2850
k'] 0.4 n 0.6 -- -- - - Yes -- >2840
4A 0.3 >18 0.5 -- 0.2a" NY-Sn, Ru-T1 - Yes -~ ~2810
F_
e 48 0.3 >18 0.7 -- Tra® N1-Sn, Ru-Tc - -- 64-70 ~2810
40 - - 1 -- -~ Cr-Fe-N}-Sn -— -- -- >2850
133 0.1 ~12¢ 0.9 -- Tra Ru-N1-Tc-Rh - Yes 68-74 ~2810
68 - -- -- -~ - -- 1.0 Ir -- -- <2245
6C - -- 0.5 0.3 0.2 N1-Sn-Zr-A1)- “- -—- 63-69 2110-2960
Ir-4
()] 0.9 10 0.1 -~ -- -- -- -~ ~10 21102810
6f -- - - 0.2 - -- 0.8 2r - - ~2000
of - - 0.8 -- Tra' -- 0.2 N) (Fe) Yes - 2110-2810
A - -- 0.6 -- 0.4a’ Ni-fe -- Yes .- ~2810
"W 8.3 ~10¢ 0.2 (U,2r) 0.2 - - 0.3 Ir -- -- 2110-2245
metallic
1t 0.3 28 0.6 -- Tra',Ird Ni-Sn-fe 0.1 NV (Fe) -~ 65-70 ~2810
8A .- - 1 -n Tra* Mo-Sn .- - 66-70 ~2810
ac - - 0.6 -- 0.2a", Ag . Yes 62-66 >2110
0.28
SRR S o




TABLE 7. (continued)

Oxygen Content -
; , , Range of
. Area® " Area Fraction® Base Materlal

Area? Grain Area' Area Fraction of Unoxidized Traces of From Augei
fractyon  Stize Fraction  Fraction  of Other Composition = Netallic ll?ihnl Iron Found ig Analysis
‘ Incd n of 18 %) .

of UOx _  (um) of (UZr)0x _of ZrOx  _Phases _ of Inclusiens (pot inclusiens)

A

ot .- - 0.7 .- 0.1 N1-Sn e Yes .72
0.2¢ ‘
8H - —~ 0.8 R Tra N1-$n 0.2 Ag Yes - >z8%0
9 -- - .1 - 0.2¢ Ni-Sn 0.7 Ag Yes - ~2810
9% - -- -- -- 0.2 M1 -Sn 0.8 Ag R - m
10A 0.2 28 0.8 .- .- M1-Sn-Tc-Ru - - 65-69 ~3100
Vot 0.9 wooon T Tra M1 -Sn - - 63-11 >2810
10f - -- 0.9 -- 0.la Ni-Ru-Fe - Yes 68-71 >2850 -
S e -- -- 0.5 - 0.18 Ni-Fe-Sn-Ag- 0.3 W1 (Fe) o - ~2810
0.%e Mo
e 1 10 r e -- - - - - 2170-3120
a. Area fractions were estimated by visual examination. Other phase compositions:

b. Oxygen content refers to altached (V,Ir)0; only. Cr-Fe-N) with varying amounis of U-Ir.

Al-Cr-Fe-N) with varying amountis of U-Ir.
High A with 2r-U some Fe-Cr.

Different (Ffrom base) U-Ir compositions.
Separate Cr-fe and Ny-Fe bearing phases.
N1-Sn with some Ag-Fe (metallic phase).

-

c.  Problems were encountered 1n measuring these grain sizes.

Ir. Contalns trace amounls of these materlals.

o oned R B
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accident scenario. For example, estimates of fission product release are
extremely temperature dependent, with highly volatile fisston products
released at lower fuel temperatures (<2100 K) and less volatile fission
products released as temperatures approach UO2 melting. While 1t is not
possible to determine temperature history from examining the core debris
grab samples, peak temperatures experienced by the material can be
estimated in many cases. These peak temperatures and other TMI system
response data can be used in conjunction with accident analysis codes to
establish a temperature history.

Peak temperatures can be estimated by several methods: (a) from the
appearance of the UO2 fuel (fuel grain growth and evidence of melting),
(b) relating the temperatures at which phase changes occur in zircaloy
cladding to the observed structures, (c) correlating the overall
composition of the material examined, the number and appearance of the
phases present, and the composition of the individual phases to existing
phase diagrams, and (d) determining the presence of prior molten structural
and control rod materials. The methods for determining peak temperatures
are discussed in Sections 3.2.2.1 through 3.2.2.4, and the tempecrature
estimates are discussed in Section 3.2.2.5.

3.2.2.1 Fuel Grain Growth and Melting. Fuel grain growth is highly
time-temperature dependent and can be calculated using correlations of time

at temperature for a given fuel burnup.9 These calculations are based on
an integrated total time at a given temperature, however, and are difficult
to use for transient conditions and multiple temperature excursions.

Figure 17 shows the relationships between grain size and temperature for
times at temperature of 20 and 40 min. The relationships shown in this
figure are for initial grain size and burnup at the time of the accident,
and for a range of times at temperatures that have been predicted for the
accident. Therefore, an indication of what the temperatures were can be
made by comparing and correlating measured grain size with Figure 17.

Other indications that fuel was exposed to high temperatures
(>2000 K) are the rearrangement of pores and grain structure. As the
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Figure 17. Plot showing the relationship between fuel pellet grain size

and times at temperature.
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melting point of the U62 fuel {3120 K for UO2.00) is approached, the
fuel grains become almost pore-free as pores agglomerate at grain
boundaries, sharp corners on the equiaxed grains become rounded, and the
grains separate. When the fuel melts, the sintering porosity and grain
boundaries disappear, leaving an amorphous densified materilal. With
superheating above the melting point, bubbles of UO, U02. and UO3 vapor
form in the molten fuel--which creates a foamy appearance that survives
cooldown to room temperatures. (Molten fuel foaming is aided by fission
product gases and vapors in high burnup fuel.)

3.2.2.2 Zircaloy Phase Changes with Temperature. Zircaloy cladding
progresses through several distinct microstructural changes with increasing
temperature. The original (as-fabricated) zircaloy microstructure consists
of alpha-zircaloy (e-Zr) grains elongated in the axial direction
(referred to as a stress-relieved microstructure). This structure is
observed with peak temperatures less than 920 K. With increasing
temperature, the a-Zr grains recrystallize and become equiaxed
(920 < T < 1105 K). Transformation from a-Zr to the B-Zr phase
begins about 1105 K and ends about 1245 K. The temperature at which this
transformation occurs increases with increasing oxygen content in the Zr.
The B-Zr transforms back to a-Zr as temperatures are reduced below

1105 K; however, the microstructural appearance of the transformed B-Zr
grains (referred to as "prior B-Zr") is distinctly different from the
a-Zr grains that were not exposed to temperatures greater than 1105 K.
The prior B-Zr structure appears as large, equiaxed grains with a-Zr
platelets within each grain. The two-phase a + prior B-Zr mixture 1s
observed in materials exposed to 1105 < T < 1245 K.

Several phenomena occur between 1245 < T < 2030 K. Interaction of
the zircaloy cladding with steam on its outside surface and UO2 fuel on
its inside surface becomes significant above 1245 K, and oxidation of the
cladding occurs. Two layers are formed on the outside surface: first, a
layer of a-Zr is formed that has been stabilized at high temperatures
because of oxygen uptake; this layer is termed oxygen-stabilized

alpha-zirconium [a-Zr(0)]; and then a layer of Zro2 ts formed outside
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the «-/r(0) layer. The longer the cladding Vs exposed to temperatures
grealer than 1245 K, the thicker these two layers can become. The cntire
wall thickness can eventually transform to Zr02 and a-7r(0).

frequently, there are two layers In the ZrO2 phase. The Insidc layer
[closest to the a-Ir(0)] contains a metallic a-Z2r(0) phasc. This
indicates that the 2r02 was slightly hypostoichiometric at tempcrature
and underwent eutectold decomposition into stoichlometric

Zroz.nn + a-/r{0) during cooling. This decomposition only takes place

if significant amounts (enough to be visible) of the Zr02 have been at
temperatures above about 1760 K (Figure 18).

If fuel-cladding contact exists, interaction of the cladding with the

uo2 fuel also occurs, resulting in oxidatton of the cladding from the

instide surface. The interna} 002/Zr interaction results In the formation

of the following reaction layer sequence:

[002 + U} - [n—Zr(O)a + U,2r]
- U,Zr alloy » a-lr(O)b

wvhere

the a-2r(0) next to the fuel

[
"

b - the a-7r(0) near the center of the cladding.

These layers will then be followed by prior B-Ir - a-2r(0) - Zro2

or only a-2r{0) - Zroz, depending on the amount of oxidation from the
outside by the steam. The fuel Vs reduced by the Zr to form metallic
a-2r{0) and elemental uranium. Zr0 cannot form as a result of the

2
002/7r reaclion alone. The metallic uranium does not remain at the
U0_/a-7r(0) 1interface, because 1t tends to interact with Zr low In
a
oxygen and diffuses into the cladding to form a U,Zr alloy rich in

granium. The U,Zr alloy lles between two a-Zr(0) layers and s 1iquid
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above about 1425 X, depending on the Zr content. This small quantity of
1iquid s a product of the solid state diffusion couple. The a-2r(0)
layer ad)acent to the fuel contains small amounts of the U,Zr alloy,
primarily along graln boundaries, but also as small globules within the
u-Zr:(O)a grains. The u-Zr(D)b layer adjacent to the prior B-Ir

contains no U,Zr alloy. During cooldown, the hypostoichiometric U°2-x
decomposes Into stoichiometric 002.00 and additional metallic uranium.
The two-phase [u-Zr(O)a + U,2r] layer s made up of relatively small,
radially elongated a-2Zr(0) grains compared to the a-Zr(0), layer [and
a-2r(0) in general) which is made up of large gra\ns‘”']9

The boundary between the [a-Zr(O)a + U,2r] and U,Zr layers 1s
distinct, but the interface between the U,Zr and u-Zr(O)b layers can be
very irreqgular. The formation of large U,Zr globules within the
o-Zr(O)b layers occurs only at temperatures greater than or equal to

1775 K; at lower temperatures, small spherical particles form.]z']3

3.2.2.3 Interaction of UOz and Zircaloy. The 002 fuel and the
2ircaloy cladding comprise about 92X of the reactor core materials.
Therefore, the interactions of these two materlals with each other and with
steam are the most important phenomenon to be considered in evaluating
behavior of core materials. The zircaloy cladding can begin to melt at
2030 K, while stoichiometric UO2 fuel does not melt until 3120 K;

however, interaction of the Ir, uoz. and steam results in materilals with
intermediate melting temperatures. The melting point of Zr increases with
increasing oxygen content; the melting temperature of oxygen-saturated
a-2r(0) is about 2245 K. A eutectic interaction takes place between
oxygen-saturated a-2r(0) and UO2 at about 2170 K (27 ?g.x 002). and a
monotectic interaction at about 2670 K (81 at.X uoz). The 002 and

Zr02 form a sol1d solution at high temperatures, and a 50/50 moleX
composition melts at about 2809 K. Therefore, melting of the cladding and
dissolution of the Uo2 fuel (liquefaction) can begin at temperatures as
Tow as 2030 K. Other low-temperature eutectics may form between the fuel
rod materials (Zr and UOZ) and other core structural materials (Inconel,

stainless steel, and control rod matertals).
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The key to determ{n1ng the peak temperatures reached and the possible
scenario is the number, composition, and distribution of phases present in
a prior molten material at room temperature. Neglecting effects of
alloying elements, the observed phases should agree with the U-Zr-0 ternary
phase diagram. The ternary equilibrium phase diagrams of the U-Zr-0 system
at 1773 and 2273 K are shown in Figure 19. The equilibrium phases shown in
the 1773 K diagram are representative of what would be seen at room
temperature, because further phase changes at lower temperatures require
very long times to reach equilibrium.

Interaction between U02 and Zr at 2273 K results in a single-phase
homogeneous 1iquid or a two-phase U-Zr-0 melt plus (U,Zr)02_x solid (at
>3.6-wt% oxygen). Upon cooling, the homogeneous melt will decompose into
two metallic components: an a-Zr(0) phase containing some uranium and an

U,Zr alloy containing 1ittle or no oxygen. '’ 18

The heterogeneous melt also decomposes on cooldown, with the solid
(U,Zr)02_x particles having low Zr content decomposing into
stoichiometric (U,Z.r)O2 and a U,Zr alloy, and the U-Zr-0 melt decomposing
into a-Zr(0) and U,Zr alloy.

The ongoing steam oxidation of the heterogeneous and homogeneous melts
must be considered, as this affects the final microstructural appearance.
If oxidation occurs after solidification, the a-Zr(0) will transform to
Zr02 and the U,Zr alloy will transform to (U,Zr)02. Therefore, the
homogeneous melt will transform from a-Zr(0) + U,Zr to Zr02
+ (U,Zr)02, and the two phases should be distinguishable. The
heterogeneous melt that oxidizes after solidification has an additional
transformation of (U,Zr)oz_x to (U.Zr)oz.

The molten material also may absorb oxygen while in the 1liquid state.
As the oxygen content of the melt increases, the temperature must increase
for the material to remain molten, or a (U,Zr)o2 solid will precipitate
out. Complete oxidation of the melt at temperatures below 2800 K will
result in a single-phase (U,Zr)O2 solid solution. This material will no
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longer have the appearéhce of having been molten. Elongated grains will
tend to form along the oxygen concentration and temperature gradients, and
the material will generally contain few pores and be dense in appearance.

The ZrO2 and UO2 also can form a solid solution by diffusion at
temperatures up to 2800 K and by mixing of molten oxides at higher
temperatures. Figure 20 shows the Zr02—U02 binary phase diagram. The
minimum melting point of the solid solution occurs at about the 50/50 moleX
mixture. Only one phase 1s apparent on cooling of the (U,Zr)o2 mixture.

If this material has been molten, it will generally show structures such as

large pores and irregular or nonexistent grain structure.

The amount of interaction with other materials is another indication
of whether the post-transient (U,Zr)O2 solid solution was originally a
metallic melt. If the metallic melt contacts a ceramic material (UO2 or
Zr02), dissolution of the ceramic by reduction should occur. A ceramic
melt contacting a ceramic solid will show very 1ittle interaction, although
mixing can occur if the solid melts due to conducted heat.

3.2.2.4 Melting Temperature of Other Reactor Materials. Although the
UO2 fuel and zircaloy cladding comprise the major portion of the reactor
core, the other reactor materials could play an important roll in fuel

behavior. This 1s because the other reactor components have lower melting

temperatures than the UO2 fuel and many of these components can form
eutectics with the fuel rod materials, thus, lowering fuel melting
temperatures and changing physical properties. Table 8 presents the core
material compositions along with the melting temperatures of the major
constituents. The presence of prior molten control rod and structural
materials in a particle would indicate peak temperatures of at least the
melting point of that material. Unfortunately, phase diagrams do not exist
for all possible combinations of the various reactor materlals, and the

effect of adding trace amounts of alloying elements on melting temperatures
¥s not always quantified.

56




3400 R ¥ ¥ A ‘ ¥ T 1 l T T 1 I T L ' T 1 1 j
3200 | Ls .
3000 - _
2800 | ]
[ L;+cubic i
K L2+cubic ]
2600 -
T [ cubic solid, ]
~ 2400 (U,Zr)O, N
© . .
2 f ]
© 2200 + -
S ! i
g [ ]
2000 tetragonal -
"9 [ 9 ]
1800 -
: cubic (-:._J.Zr)og ]
1600 ] tetragonal (U.Zr)O, B
L tetra_gonal -
1400 i mono
1200 1 cubic (B.Zr)oz -
! monoclinic {U,Zr)O, monoclinic
1000 i 1 L ‘ L 1 A l J A - l 1 A | l 1 Ll A
0.0 0.2 04 0.6 0.8 1.0
Uo.3300.07 Atomic fraction Zrp 3300.67 Zro.3300.e

P300 SAP-1285-06

F'igure 20. U0,-2r0p binary phase dilagram (soludus and 11quidus curves
represent preliminary data from Reference 19).

51



8s

TABLE 8. CORE MATERIAL COMPOSITION

Material - Material
Weight Melt Hetght Melt
Temperature Weight lemperature Helght
{kq) %) _ _(K) flement  Percent (kq) (%) {(K) Element  Percent
ue, 93050 74.0 3120 235y 2.265 Inconel-718 1211 1.0 1720 N9 51.900
238y 85.882 cr 19.000
0 11.853 Fe 18.000
Nb 5.553
Mo 3.000
Zircaloy-4 23029 18.3 2030 Ir 97.907 1t 0.800
Sn 1.60 Al 0.600
Fe 0.22% Co 0.470
Cr 0.125 Si 0.200
0 0.095 Mn 0.200
c 0.0120 N 0.130
N 0.0080 Cu 0.100
HF 0.0078 C 0.040
S 0.0035 ) 0.007
A 0.0024
" 0.0020
v 0.0020
Mn 0.0020
NY 0.0020 1r0y N 0.3 2960 Ir 14.0
Cu 0.0020 0 26.0
L] 0.0020
H 0.0013
Co 0.0010 Ag-In-Cd 2149 2.2 1050 Ag 80.0
] 0.000033 In 15.0
Cd 0.000025 Cd 5.0
U 0.000020
B4C-A1504 626 0.5 Al 34.33
Type 304 and 4636 3.7 1720 Fe 68.635 0 30.53
unidentified Cr 19.000 8 21.50
stainless steel NY 9.000 Al504 2320 C 21.50
- Mn 2.000 548 2620
S 1.000
N 0.130 Gdy04-U0y 131.5 0.1 2400 Gd 10.21
c 0.080 v 11.12
Co 0.080 0 12.01
P 0.045
s 0.030 Gd,04 2610

Total lnventory = 125.8 metric tons




3.2.2.5 Temperature Estimate Results. The estimated peak
temperatures for the 29 particles are 1isted in Table 7, along with other
relevant data about each particle. These estimated temperatures are

presented again in lable 9, along with comments about key indicators used
for estimating the temperatures. (For more detall see Appendix C.) These
estimates are for the highest temperatures on the particle and may not
represent those for the bulk of the particle. Only three of the particles
examined do not contain molten Zr or Zr,U,0 mixture. One of these is a
prior molten Ag particle, and the other two are sections of cladding

oxidized to a-Zr(0) but not melted; therefore, phase changes occurring at
low temperatures (<2030 K) in Zr could not be used as indicators.

Many of the particles examined contain UO2 fuel, and usually the
grain growth is minimal (maximum measured was 29 ym, with the original
grain size being 10 pm). This indicates that much of the fuel probably
remained at fairly low temperatures (<2000 K) during the accident or was
exposed to high temperatures for only a short time. However, most of these
particles also have areas of prior molten material, indicating large
temperature gradients over very small distances. (The particles all are
less than 4 mm 1n diameter.) The molten matertal relocated to a large
extent and interacted both chemically and mechanically with the cooler

materials.

The reader is reminded that the particles selected for detailed
metallurgical examination were chosen elther because they were
representative of a basic particle type or because they were unique. They
are not a statistical representation of the number of particles estimated
to have experienced a given peak temperature. The particle type
distribution shown in Table 6 (see Section 3.1.5) represents all of the
larger particles in ten of the core debris grab samples and 1s more
representative of the core debris. Based on this data and data from the
detalled metallurgical examinations, it 1s estimated that about 80% of the
debris material rematned at fairly low temperature (<2000 K) due to a
lack of restructuring, with the other 20% experiencing temperatures up to

fuel melting.
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TABLE 9. PEAK TEMPERATURE ESTIMATES FOR PARTICLES FROM THE TMI-2 CORE
DEBRIS GRAB SAMPLES
Temperature Rangea
Particle (K) Comments

1A 2170-2245 No melting of UO,; ballooned
a-Zr(0); eutectic Zr-U interaction.

18 2170-2600 No melting of UOp; slight grain
growth; eutectic Zr-U interaction.

1E 2810-2960 No melting of Zr0;; melting of
a-Zr(0) cladding; prior molten
(U,Zr) 0,.

TH >2810 Dissolution of (U,Zr)0 by porous
heterogeneous U-Zr-0 melt.

3L >2850 Above the 1iquidus temperature for
U-Zr-0 ceramic.

3M >2850 Areas of (U,Zr)0o melt; contains
trace Cr, Ni, Fe.

4A ~2810 Foamy U-Zr-0 moliten ceramics
contacting UOy; may be slightly
lower due to impurities.

48 ~2810 Foamy U-Zr-0 molten ceramic
contacting U0, fuel; may be
slightly lower due to impurities.

4D >2850 Molten (U,Zr)05; dense.

5E ~2810 Foamy U-Zr-0 molten ceramic
contacting fuel.

6B <2245 No melting of a-Zr{0).

6C 2170-2960 No melting of Zr0,; U02-A1509

eutectic interaction.
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TABLE 9. (continued)

Temperature Rangea
Particle (K) Comments

60 2170-2810 No fuel melting; metallic U-Zr-0
melt, oxidized to (U,Zr)0, by
reducing oxidized fuel to UO>.

13 ~2000 OxidYzed cladding fragment; no
melting.

6f 2170-2810 Porous heterogeneous U-2r-0 melt
attached to (U,Zr)0p, ferromagnetic
ingots.

TA ~2810 Foamy U-Zr-0 molten ceramic; may be
Jower due to impurities.

18 2170-2245 No melting of U0 or a-Zr(0);
eutectic U-Zr interaction.

1t ~2810 Foamy U-Zr-0 molten ceramic

8A ~2810 Foamy U-2r-0 molten ceramic.

8c >2170 Ox1dized U-2r-0 melt.

8t ~2810 Foamy U-Zr-0 melt contacted later by
metallic Zr melt.

8H >2850 Areas of dense (U,Zr)02 melt
containing trace fe.

9D ~2810 Foamy U-2Zr-0 ceramic melt.

96 >1233 Molten Ag.

10A ~3100 Areas of dense (U,Zr)07 melt with
5% 2r0;.

10¢ >2810 U-Zr-0 ceramic melt on U0 fuel
pellet. ’

10F >2850 Regions of dense and foamy U-Zr-0
melt.
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TABLE 9. (continued)

Temperature Rangea

Particle (K) Comments
118 >2810 Foamy U-Zr-0 melt.
11C 2170-3100 No melting of UOp; small region of

prior molten (U,Zr)0y.

a. Explanation of temperature ranges:

T1-T2 : peak temperature greater than Ty but less than Tp
(1.e., some feature indicated temperature greater than
Ty and some feature indicated temperature less than

To)
~T : peak temperature about T,
>T : peak temperature at least Ty
<N : Peak temperature less than T

62




The key indicators used to estimate peak temperatures In the ranges of
Interest are shown in Figure 21. Most of the temperature estimates range
between 2030 and 3120 K. The specific microstructures recognizable for
materials exposed to temperatures In this range were discussed n
Section 3.2.2.3. MWith some overlap, the particles examined fall into the
following categories:

o Some particles show a prior molten, metallic U-Zr-0 mixture in
contact with a UO2 fuel pellet fragment. Therefore, the melt
temperature before contact had to have been greater than 2170 K,
the a-2r(0) eutectic temperature. In some cases, an upper melt
temperature 1imit can be determined, depending on behavior of
other particle components. If a substantial metallic melt has
flowed between ballooned cladding and fuel without melting the
a-Zr(0) cladding, then the maximum melt temperature was less
than 2245 K (Figure 22). Similarly, if a large metallic melt has
surrounded a U02 fragment (dissolving a portion by eutectic
decomposition) without melting any pure 002 by heat conduction,
the maximum melt temperature would have been less than 3120 K.
However, in many instances, the melt size 1s much smaller than
the substrate material, in which case the large heat sink chilled
the melt very quickly and no upper temperature 1imit can be
established.

o One particle (Particle 6C, Figure 23) shows evidence of

interaction with the A1203 poison rod material. A eutectic
can form between Uoz-lroz-nzo3 at a temperature as low
as 2170 K. This particle contains ZrO2 which had not melted,

Yndicating a temperature range of 2170 to 2960 K.

(/] Several particles show evidence of prior molten (U.Zr)o2
ceramic, for which a minimum melting temperature of 2810 K has
been established at KfK in the Federal Republic of (iermany.]9
At XfK, the melting temperature was found to increase only for
compositions near 002 (melts at 3120 K) or ZrO2 (melts at
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Temperature (K)

Figure 21.

3120 —+—Melting of U020

2960 —<+— Melting of ZrO,0

2900 —f+—Melting of UOzsx —

2810 —t«— Formatron of (U, Z2r/O; /I/quid ceramic
2750 —\—p/)———m'Melting of UO,., —*4

2670 —«— Formation of a-2Zr(O)/U0; and U/U0O,
monotectics

2245 —«—Melting of «-Zr{0)
2170 —+— Formation of a-2r(0)/UQO, sutectics

2030 —+—Melting of as-received Zircaloy-4 _l T

Start of U0,/
molten Zircaloy
interaction

1720 —+— Melting of stainless steel
16560 —«— Melting of Inconel

1500 -1+—Inconel/Zircaloy liquefaction

1400 —«— Formation of liquid U as & result of
UO,/Zircaloy interactions

1220 —<«— Formation of Fe/Zr and Ni/2r
evtectics P300 ALA850086-3H |

Chemical interactions and formations of 1iquid phases in the
U02-Zr system with increasing temperature.
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Figure 22. Photomacrograph of Particle 1A (H8, surface) showing melt flow
between UOp fuel and ballooned cladding.



Figure 23.

U-Al-Zr-O
melt

Photomacrograph of Particle 6C (E9, 56 cm) showing interaction
of fuel rod materials with Al.03.
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2973 K). This work also demonstrated that a foamy structure with
large voids s formed very near the melting point, but the
(U.Zr)02 displays a much more dense structure upon exposure to
temperatures above the 1iquidus (see Figure 20). Two of the
particles in this category show dendritic freezing in the
(U.Zr)oz--separation of the 002-2r02 homogeneous 1iguid

Into U-rich and Zr-rich phases--indicating slow cooling from
above the liquidus. Examples of the foamy (U.Zr)02 structure,
the dense, mixed ceramic melt, and the dendritic freezing are
presented in Figures 24, 25, and 26, respectively.

Particle 10A (Figure 27) also contains reglons of prior molten
(U,lr)oz, but a large part of this material contains slightly
less than 2 atomX Zr (which corresponds to about 5-mole¥%

Zroz). The small amount of Zr or other impurities indicates a
1iquidus or solidus temperature approaching uoz melting
temperatures (2750 to 3120 K, depending on 0 to U ratlo, See
Figure 31). There is a small central reglon of UO2 that has
been restructured but not melted. This particle appears to have
been a plece of fuel that interacted with ZrO2 near the U02
melting point. The prior molten ceramic material has a dense,
almost glassy appearance, iIndicating temperatures somewhat above
the liquidus temperature and then rapid cooling. No grain
structure could be found outside of the central restructured
zone, elther during the optical examination using etches or

during the SEM examination.

Other particles contain considerable porosity that is not related
to the foamy structure just discussed. As shown in Figure 28,
the a-Zr(O)/UO2 fsopleth, when a-Zr(0) has dissolved

appreciable amounts of Uo2 and when the melt s above 2673 K,

the molten mixture s composed of two partially miscible

11quids. Between 2673 and 2173 K, one 1iquid (L)) transforms to
(U.Zr)Oz_x solids, forming a slurry, while below 2173 K, the
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(a) Unetched

(b) Fuel etch

Figure 24.  Photomacrograph of Particle 7A (H8, 36 cm) showing foamy
U,Zr,0 melt.
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|
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Region

Region 2

—
670 um

Figure 25. Photographs of Particle 10F (E9, 74 cm) showing the presence of  f

two distinct reglons: Reglon 1 1s dense U,Zr,0 melt and Region
2 s foamy U-Zr-0 melt.



Figure 26. SEM back scattered e1ect‘ron image of Particle 3L (H8, 56 cm)
showing dendritic freezing.
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(a) Unetched {b) Etched

Figure 27.

Photomicroggraphs of Particle 10A ‘t9, 74 cm) show'ng prior
moiten material in Region 1. Reglion 2 is restructured, but not
melted, material UO;.
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Figure 28. Quasi-binary a-Zr(0)/U07 phase diagram (Reference 20).

12



other 1iquid (L1) converts to a-2r(0). Both the 1iquid mixture
and the slurry display a strong tendency to chemically attach to
uoz. (U.Zr)oz. and other solids.

Figure 28 also Indicates that U-to-Zr atom ratios are a valuable
indicator of melt temperatures, especially since oxygen
concentrations were probably changed ;by subsequent steam
oxidation. This wetting property 1s so dominant that, upon
cooldown or quenching, shrinkage voids are created as the
heterogeneous melt 1s pulled apart. Bubbles of gases and metal
vapors also may contribute to void formation, though these pore
sources have not yet been positively confirmed. In any case,
heterogeneous melt porosity is typically irregular in
configuration, with elongations, jJagged edges, and other features
unlike the smooth spherical pores inside foamy material. One
example of a porous, heterogeneous melt 1s shown at the base of
Particle 6F in Figure 29.

Particle 6F also s representative of another broad category of
particles that suggest occurrence of either multiple heatups
during the TMI-2 transient or prolonged candling of molten
mater1al down the outsides of fuel rods, with intermittent
solVdification and oxldation of relocated droplets. The upper
crown of Particle 6F is single-phase (U.Zr)O2 that was formed
either by ceramic melting or oxidation of a metallic U-ir-0
melt. In either case, the (U,Zr)oz solidified before being
coated by the porous heterogeneous melt. The porous melt, in
turn, solidifled by cooling before being contacted by a Ni-rich
metallic melt that created the three ferromagnetic ingots. On
other particles, melt penetration is frequently observed along
grain boundaries of previously solidified material. Both
multiple temperature ramps and a lengthy cand1ing sequence are
plausible explanations, but this particle category definitely
establishes that fuel 1iquefaction, relocatton, and
solidification did not occur within a single brief interval.
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Diffusion (U, Zno,

bonding
regions
Ni-rich
ingots

Heterogeneous
(U, Zr, O)
melt

29?;1m
Backscattered scanning electron micrograph

Figure 29. Particle 6F (E9, 56 cm) shows where solidified (U,Zr)0, was

contacted by a porous melt that solidified before contact by a
Ni-rich melt.
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0 As mentioned above, (U.Zr)02 reglons can form by oxidation of
metallic melts. Particle 6D shows an example of such material
(Figure 30). A small) amount of metallic melt contacted a large
fuel pellet fragment, reducing the adjacent hyperstoichiometric
fuel while the melt oxidized to single-phase (U.Zr)02. Note
that (U.Zr)02 formed by this liquid-state oxidation mechanism
is very difficult to distinguish from a rapidly cooled,
superheated ceramic melt, unless the melt has coated fuel or
Zroz. Whereas a metallic melt must reduce the adjacent oxide,
a ceramic melt could not alter the oxygen concentration of the
coated substrate.

(] Particle 6D s also representative of those particles containing
oxidized fuel. As detailed in Appendix C, a second fuel phase
was exposed by etching this particle. Quantitative Scanning
Auger Spectroscopy (SAS) was used to measure an average oxygen
concentration In the fuel matrix of 71 at.X, which converts to
002.44--ue11 above stoichiometric 002. According to the U-0
phase diagram in Figure 31, the two phases are U‘O9 and
002.6 (etther 050]3 or 08021)' Therefore, oxygen gas
or hydroxide radicals must have diffused into the UO2 above
1900 K. Additional SAS measurements confirmed that fuel next to
the adherent melt was reduced back to Uo2 while the melt became
(U.Zr)oz, which agrees with the results of the metallography.

Prior molten structural materials were observed in a few samples,
defining the lower temperature range for those particles. An upper
temperature could not be established for particles with no unmelted
portions. Also, the temperatures quoted are the highest peak temperature

for the materials that make up a given particle. Thus, the peak
temperature quoted could be for a small layer of material adhering to the

surface of an otherwise low temperature particle.
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Bakelite

filled
Two-phase qarbon
oxidized fibers
fuel

84M-559 ' | R~
200 um

Photomacrograph (unetched)

Figure 30. Particle 6D (E9, 56 cm) shows where the oxidized fuel mixture
of Ug0g and U073 have been reduced to U0, at one
corner by comﬁ.act with an initially metal?ic U-Zr-0 " melt.
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3.2.3 Interactions of Fuel Rod and Non-fuel Rod Materials

The fuel rods, including UO2 pellets and zircaloy cladding, made up

about 92% of the original TMI-2 core inventory. The remaining 8% was
structural and control material. Table 10 lists the core materials by

elemental weight percent, excluding oxygen.

Most of the particles contain at least some traces of structural
materials (Cr, Fe, and Ni), and in some cases structural materials are a
significant part of the particle (see Particles 4A, 6C, 7A, or 8C in
Appendix C). These materials are commonly found mixed intimately with
prior molten fuel rod materials, primarily at grain boundaries or in
voids. However, i1t was also common to find traces of Fe in the base
material (see Table 7 for a 1isting of particles that contain Fe in the
base material). The almost universal occurrence of structural material
with prior molten fuel rod materials indicates that strong reactions took
place between fuel and structural materials. These reactions have been
observed by Hagen et al. in experiments with electrically heated fuel rods

and Inconel grid spacers.22

Structural materials (Ni with small amounts of Fe) also were found in
non-oxidized metallic form, mechanically bonded to fuel rod materials, as
seen in Particle 11B. Ni alloyed with small amounts of Sn and occasionally
fission products (Ru and Tc) was found scattered throughout many of the
particles in small, round, metallic (non-oxidized) inclusions. It is
possible for N1 to be separated from the other Inconel or stainless steel
constituents through a membrane separation process, whereby the Fe and Cr
preferentially diffuse into the solid (U,Zr)02. An example of this can
be seen in Particle 7€, along an edge that contains many small regions of
N1 surrounded by material high in Cr and Fe.

Control rod materials (Ag, In, and Cd) were not as commonly found as
the structura) materials. Ag was occasionally found, primarily 1in
inclusions, and there were two minor occurrences of In and Cd. However,
major portions of three particles (Particles 8H, 9D, and 9f) were metallic
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TABLE 10. TMI-2 CORE COMPOSITION BY ELEMENTAL WEIGHT PERCENT

t lement Welght Percent?
u n.mn
Ir 19.89
Fe 3.0
Ag 1.7%
Cr 1.00
NY 0.9
In 0.33
Sn 0.32
Al 0.18
B 0.14
Cd 0.12
Mn 0.09
Nb 0.05
S 0.04
C 0.04
Mo 0.03
6d 0.0
T 0.01
N 0.0
Co 0.0
S <0.01
Ca <0.01
P <0.01
Hf <0.01
v <0.01
W <0.01

a. The initial oxygen content (9.02 wt.X total in fuel, poison rods,
Zroi spacer pellets) was omitted iIn calculating these weight percents to
avold confusion with the oxidation that occurred during the accident.
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Ag containing Ni-Sn inclusions. Particle 96 was composed completely of the
Ag material, and Particles 8H and 9D contained ceramic fuel rod material
mechanically bonded to the Ag material. This lack of mixing with fuel rod
materials is probably due to the early failure of the control rods, while
the rest of the fuel rod bundle was still intact. In addition, eutectic

interactions were probably inhibited by oxide layers.

The major source of Al in the core was from alumina-boron carbide
(B4C-A1203) burnable poison rods. Al also is a minor alloying
element in Inconel, and there were other minor sources. However, Al was
found with other structural materials in over half of the particles that
contained structural materials. If the source of Al in these particles was
Inconel, then there would have had to have been a segregation process at
work concentrating the Al. However, if the source of Al was the poison
rods, then there first would have had to have been eutectic interactions
between Inconel grid spacers, zircaloy cladding, and alumina, causing
1iquefaction and flow, and then eventual interaction with fuel rods.
Particle 6C contains exceptionally large amounts of Al, iIndicating a
possible direct interaction with a poison rod. There are areas on this

particle where positive elemental identification is not possible because of
nonconductive properties, but there are indications that these areas are
alumina.

3.3 Chemical Analyses

Elemental analysis was performed on the recombined bulk samples and
particles and aliquots using inductively coupled plasma spectroscopy
(ICP). The original elemental composition and total weights of principal
components for the core and a control rod fuel assembly are presented in

Table 11. The elements for which analysis was performed by ICP also are
identified. The elements were selected for analysis to characterize the

five groups of materials present in the core; uranium fuel and zircaloy
cladding, Ag-In-Cd control rod materials, burnable poison rod materials(Al,
Gd, and B), structural materials (stainless steel and Inconel), and Te.
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TABLE 11.

TMI-2 REACTUK CORE AND CUNTROL ROD FUEL ASSEMBLY COMPOSITION!

£ lements for which ICP analysis was performed.

wefght of material in a control rod fuel assembly.

Material weight Weight
(weight) Element Percent Material Element Percent
U0 y-2358 2.265 Inconel-718 Nid 51.900
(93,050 kg) y-2382 85.882 (1,211 kg) Crd 19.000
(526 kg) 0 11.853 (6.8 kg) Fed 18.000
Nb 5.553
Mo 3.000
Zircaloy-4 lrd 97.907 Ti 0.800
(23,029 gg) Snd 1.60 Al 0.600
(125 kg) Fed 0.225 Co 0.470
Crd 0.125 Sia 0.200
0 0.095 Mnd 0.200
C 0.0120 N 0.130
N 0.0080 Cul 0.100
Hf 0.0078 C 0.040
S 0.0035 S 0.007
Ale 0.0024
Ti 0.0020
v 0.0020 r0 Ird 74.0
Mnd 0.0020 (33% kg) 0 26.0
Nid 0.0020 (0 kg)
Cud 0.0020
W 0.0020
H 0.0013 Ag-In-Cd Agd 80.0
Co 0.0010 (2,749 k g Ind 15.0
B 0.000033  (43.6 kg? Cdd 5.0
Cad 0.000025
ya 0.000020
-Alzo Ald  34.33
(22 0 30.53
(0 kg) B 27.50
Type 304 Fed 68.635 c 7.64
stainless crad 19.000
steel Nid 9.000
(676 kg) and  Mn? 2.000 3 03-U02 Gdd 10.27
Unidentified Sid 1.000 1. 5 kg) ] 77.72
stainless N 0.130 (0 kg)b 0 12.01
steel o 0.080
(3,960 kg& Co 0.080
(16.8 kg) P 0.045
) 0.030
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The objectives of the elemental analysis include (a) characterizing
the homogeneity of the core debris bed, both axially (0 through 94 cm in
depth) and radially [from the H8 (center) to the E9 (mid-radius)

Jocations--a distance of ~70 cm], (b) determining the retention or
release of highly volatile core materials (e.q., Ag-In-Cd), and

(c) characterizing the relocation of core materials and Te.

Results of the chemical analysis as they relate to the present
condition of the core and the accident scenario, are evaluated in Section 4.

3.3.17 Summary of Examinations

Results of the ICP elemental analysis for the recombined bulk samples
are presented in Tables 12 and 13 . Results are presented in weight
percent (wt%) of the dissolved material. Insoluble material weights are
Tisted in Table £-12 (Appendix E). The insoluble material was less than 3%
for any sample. The weight percents when added together do not equal 100%,
because other elements expected to be present (e.g., oxygen) were not
measurable by this method. The principal elemental components identified
are U and Zr, with smaller amounts (generally <5 wtX) of other elements.
The total uncertainty associated with the results of the elemental analysis
of each recombined bulk sample is 10 to 15%. Factors contributing to the
total uncertainty include (a) the presence of insoluble material, (b) ICP
analysis uncertainty, (c) uncertainties associated with sample weight and
volume measurements, and (d) presence of unmeasurable sample components.

Results of the elemental analysis of the particles and aliquots are

contained Appendix D. The elements measured are the same as those shown in
Tables 12 and 13 for the recombined bulk samples. The total uncertainty

associated with the analysis of each particle and aliquot is generally
10 to 15%, because of the factors 1listed above. However, as noted in
Appendix D, the total uncertainty for some particles and aliquots ranges
from 30 to 50% because of the small (<10 mg) portions examined or sample
losses incurred during the dissolution and analysis. Sample loss was
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TABLE 12. ELEMENTAL CONTENT OF THE RECOMBINED BULK SAMPLES FROM THE H8
CORE LOCATIUN®

(wty)
Sample Sample 7 Sample 3 Samples 8 ang g¢c
- Element (23.56 g) (44.62 q) (50.10 q) (94.6

Ag 1.6 E-1 1.9 -1 1.5 E-1 1.6 -1
Al 3.37 <4.6 E-24 <4.8 E-2 <6.0 E-2
B 8.02 E-1 2.8 E-1 9.3 E-2 1.17

Cd 5.9 E-3 <2.3 E-3 <2.4 E-3 <3.0 E-3
Cr 3.9 E-1 3.7 E-1 1.2 E-1 2.9 £-1
Cu <1.5 E-2 5.7 £E-3 1.2 E-2 7.6 E-3
Fe 1.19 1.17 5.0 E-1 9.9 £~1
Gd 8.2 E-2 5.7 E-2 5.8 E-2 5.7 E-2
In <1.8 E-1 <6.9 E£-2 <7.2 E-2 6.6 E-2
Mn 4.1 E-2 3.7 E-2 1.9 E-2 3.4 E-2
Mo 5.9 E-2 <2.3 E-2 <2.4 E-2 <3.0 E-2
Ni 1.38 6.5 E-1 1.7 E-] 3.3 E-1
Nb <1.8 E-1 1.6 E-1 1.7 E-1 1.7 E£-1
sie 3.84 3.63 E-1 1.39 2.8 E-1
Sn <2.9 E-1 <1.1 E-1 <1.2 E-1 <1.) E-]
Te <1.2 E-1 <4.6 E-2 <4.8 E-2 <4.6 E-2
] 7.03 £+ 7.39 E+] 7.25 E+1 7.23 E+]
ir 1.59 £+] 1.76 £+1 8.24 1.42 E+]

a. In order of depth into the debris bed.

b. Wweight of sample material dissolved.
c. Samples 8 and 9 were combined,as they had been mixed during dissolution.

d. Less than (<) values are the lower limit of detection for the sample
analyzed.

e. Silicon contamination from the glassware occurred during the
dissolution process.
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ELEMENTAL éONTENT OF THE RECOMBINED BULK SAMPLES FROM THE E9

TABLE 13.
CORE LOCATIONS
(wt%)
Sample 4 Sample 5 Sample 6 Sample 10 Sample 11
b
Element (5.1 ¢)°  (16.64 g)°  (45.97 g)°  (57.44 g  (42.54 g)P
Ag 1.5 E-1 5.4 E-2 1.4 E-1 1.3 E-1 1.9 E-1
Al 1.1 <6.7 E-2¢ <7.7 E-2 <2.8 E-2 <7.2 E-2
B 3.00 1.4 E-1] 1.6 E-1 1.70 E-1 <5.4 E-2
Cd <2.1 E-2 <3.4 E-3 <3.9 E-3 <1.4 E-3 <3.6 E-3
Cr <6.3 E-2 9.4 E-2 1.0 E-1 1.45 E-1 2.1 E-1
Cu <5.3 E-2 <8.4 E-3 <9.7 E-3 5.6 E-3 <8.9 E-3
Fe 5.1 E-1 2.1 E-1 3.3 E-1 4.33 E-1 8.3 E-1
Gd <1.5 E-1 4.7 E-2 5.4 E-2 5.6 E-2 <2.5 E-2
In <6.3 E-1 <1.0 E-1 <1.2 E-1 <4.3 E-2 <1l.1 E-1
Mn 2.1 E-1 1.4 E-2 1.6 E=2 1.4 E-2 2.1 E-2
Mo <2.1 E=2 <3.4 E-2 <3.9 E-2 <1.4 E-2 <3.6 E-2
Ni <1.1 E-1 2.7 E-1 2.4 E-1 2.55 E-1 3.9 E-1
Nb <6.3 E-1 <1.0 E-1 2.7 E-1 9.8 E-2 <1.1 E-1
sid 2.20 E+1 5.0 E-2 1.36 2.49 E-1 3.9 E-1
Sn <1.1 <1.7 E-1 <1.9 E-1 1.4 E-1 <1.8 E-1
Te <4.2 E-1 <6.7 E-2 <7.7 E-2 <2.8 E-2 <7.2 E-2
U 8.32 E+1 8.31 E+1 7.08 E+1 7.34 E+1 7.76 E+]
Ir 1.14 E+] 4.31 8.25 7.19 9.69
a. In order of depth into the debris bed.
b. Weight of sample material dissolved.
C. Less than (<) values are the lower limit of detection for the sample

analyzed.

d. Silicon contamination from the

dissolution process.

glassware occurred during the
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determined by comparing the elemental U content obtatned by ICP with
results of the fissile/fertile material (2350 + 2380) analysis

performed on the intact particle or aliquot (Appendix E, Table E-11).
X-ray diffraction analysis was performed on some particles; however,
due to problems assoclated with the technique (detailed in Appendix A),

results were of limited value and, therefore, are not reported.

3.3.2 Chemical Composition of the Core Debris

Although individual particles of the core debris are quite
heterogeneous on a microstructural scale, as discussed in Section 3.2, the
composition of the debris bed s principally a mixture of U and Zr, with
lesser amounts of other elements, similar to that l1isted in Table 11. The
average elemental concentrations measured for the recombined bulk samples
were used to characterize the homogeneity of the debris bed; results of the
particle and aliquot analysis provide indications of the homogeneity of
Yndividual particles, or aliquots. Retention and release of volatile
components (e.g., Ag-In-Cd) was estimated by comparing measured elemental
concentrations with their original concentrations in the fuel assembly (see
Jable 11). Evidence of relocation of core components was determined by the
wide distribution of less abundant constituents (e.g., Gd) in the debris
bed.

Evaluation of the elemental analysis results is divided into
characterization of the elemental constituents of the five principal groups
of materials present in the core: (a) uranium fuel and zircaloy ¢ladding,
(b) Ag-In-Cd control rod materials, (c) burnable poison rod materials
(84C-A1203 and Gazoa-uoz), (d) structural materials (stainless
steel and Inconel), and (e) tellurium (the elemental analysis is used to

evaluate the behavior of fission product Te).
3.3.2.1 Uranjum and Zirconium. The reactor core 1s composed

principally of U (82,000 kg) and Ir (22,500 kg). These elements account
fer approximately 84% of the total core weight. Table 14 1ists the U and
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TABLE 14. URANIUM AND ZIRCONIUM CONCENTRATIONS AND ZR/U RATIOS FOR THE
RECOMBINED BULK SAMPLES
Depth into Uranium Zirconium
Debris Bed Concentration? Concentratv‘onb Zr/Uc
Sample (cm) ~ (wt%) (wt%) Ratio
H8 Samples
] 0 70 16 0.23
7 36 74 18 0.24
3 56 72 8.2 0.11
8 and 9 70 and 77 72 14 0.20
E9 Samples
4 0 83 11 0.14
5 8 83 4.3 0.05
6 56 71 8.2 0.12
10 74 73 7.2 0.10
11 94 78 9.7 .12

a. Initial U concentration in the core was 65 wtk, in a control rod fuel
assembly 64 wt%, and in a fuel rod 71 wt%.

b. Initial Zr concentration in the core was 18 wt%, in a control rod fuel
assembly 17 wt%, and in a fuel rod 18 wt%.

¢. The Zr/U ratios for a control rod fuel assembly and the core are 0.26

and 0.27, respectively.

A fuel rod has a ratio of 0.25.
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Zr concentrations (wtX) and Zr/U ratlos for the ten recombined bulk
samples. Relatively consistent U concentrations (+7%) and varying Zr/U
ratios (V.e., varying Zr concentrations) are apparent. At the H8 location,
the elemental concentrations and Zr/U ratios near the surface of the debris
bed and at 36 cm into the debris bed are similar. Also, the Ir/U ratios
are similar to those initlally found in a control rod fuel assembly (1.e.,
0.26). At 56 cm Into the debris bed (Sample 3), the concentration of U is
simtlar to the concentrations higher in the debris bed; however, the Ir/U
ratio s approximately half of the ratlos for the core and fuel rods,
suggesting depletion (~58X) of Zr has occurred in this sample. The Zr
depletion 1s probably caused by melting and relocation. The results are
evaluated as they relate to the condition of the core in Section 4.3. The
concentrations and ratios for the combined Samples 8 and 9 are similar to
those obtained near the surface of the debris bed.

The Zr/U ratios at the £9 location range from 0.14 to 0.05, indicating
depletion of Ir by 46 to 80X. There 1s significant depletion of Zr at all
depths at the £9 locatlon, whereas only one sample from H8 (Sample 3)
showed significant Zr depletion. The data suggest that significant Zr
depletion has occurred in the debris bed.

Tables 15 and 16 summarize from Appendix D the welght percent of U
present in each particle and aliquot. Tables 17 and 18 1ist the Zr/U
ratios for particles and aliquots obtained from the H8 and £9 samples,
respectively. The results for the particles and aliquots show a much wider
range of U concentrations (0 to ~100% U) than do the recombined bulk
samples (70 to 80% U), partly because the particles were chosen for
specific characteristics (e.g., cladding, fuel pellet, etc.). Observations
concerning these results and their significance are as follows:

o Few particles are completely U or IZr. The results indicate that
1ittle U is present without significant amounts of assoclated
2r. Little iIntact fuel materilal (88% U in 002 fuel or 71% U in
a fuel rod) s present, and significant disruption of fuel rods

is Indicated.
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TABLE 15. URANIUM CONTENT OF PARTICLES AND ALIQUOTS FROM THE H8 CORE LOCATION®

(wtk)

Particle Size

Fraction
{um) Particle/Aliquot Sample 1 Sample 7
>4000 A --b 59
>4000 B 83 --b
>4000 c 9.8 --b
>4000 D 26 --b
>4000 E 17.8 --b
1680-4000 F 57 72
1680-4000 G 57 52
1680-4000 H 47 52
1000-1680 I 0 --b
1000-1680 J 64 40
1000- 1680 K 57 68
707-1000 Aliquot 52 37
297-707 Aliquot 53 35
149-297 Aliquot 45 --b
74-149 Aliquot 41 52
30-74 Aliquot 36 --b
20-30 Aliquot --c 19
<20 Aliquot --C

a. In order of depth into the debris bed.
b. Not reported because of analysis problems.

c. Not analyzed.

d. The analysis results indicate the presence of other components.
these analyses indicating that this is oxidized uranium.

Sample 3

38

b0

Sample 8

72

81

~1god
~1009

55
12
69

22
63
81

28
42
32
48
4

43

49

Sample 9

40
55
78
1
72

67
13
42

14
45

b

51
67
34
34
17
50

b

Also the uncertainty is large for




68

TABLE 16. %EQ&SUM CONTENT OF PARTICLES AND ALIQUOTS FROM THE E9 CORE LOCATION®

Particle Size
Fraction

(pm) Particle/Aliquot Sample 4 Sample 5 Sample 6 Sample 10 Sample 11
>4000 A 94 62 ~100b --C ~100P
>4000 B 58 85 0 88 -=C
>4000 C 51 57 0 71 ~100P
>4000 D --¢ 90 8.1 61 ~100P
>4000 E 88 --C 0 65 56

1680-4000 F -- --C 0 63 82
1680-4000 G -- --¢ 90 81 1000
1680-4000 H - --C 71 68 -
1000~ 1680 I -- 17 1 35 71
1000- 1680 J -- --C 13 54 63
1000~ 1680 K - --¢ 70 ~100P 96
707-1000 Aliquot -- 31 55 64 I8
297-707 Aliquot - -- 44 38 --
149-297 Aliquot -- - 31 33 71
74-149 Aliquot - - 32 17 40
30-74 Aliquot - -- 28 37 34
20-30 Aliquot -- - -- 47 22
<20 Aliquot -- - - -- ~100b

a. In order of depth into the debris bed.

b. The analysis results indicate the presence of other components. Also, the uncertainty is large for
these analyses, indicating that this is oxidized uranium,

c. Not reported because of analysis problems.

d. Not analyzed.
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TABLE 17. ZR/U CONCENTRATION RATIOS OF PARTICLES AND ALIQUOTS FROM THE H8 CORE LOCATION®

Particle Size

Fraction
(um) Particle/Aligquot Sample 1 Sample 7 Sample 3 Sample 8
>4000 A --b 2.2 E-1 6.0 E-2 1.1 E-1
>4000 B 1.5 E-2 -- --C 9.8 E-2
>4000 C 1.5 E-1 --b --b 5.7 E-1
>4000 D 6.1 E-2 --b 2.0 E-2 --b
>4000 E 3.7 --b 3.2 E-2 5.1 E-1
1680-4000 . F 2.4 E-1 4.3 E-2 5.1 E-2 5.4 E-1
1680-4000 G 2.4 E-1 2.6 E-1 1.4 E-1 8.0 E-1
1680-4000 H 7.8 E-1 7.4 E-3 2.2 E-1 1.2 £-1
1000-1680 I --C --b 1.5 E-1 2.2 E-1
1000- 1680 J 2.3 E-1 6.2 E-2 2.4 7.9 E-1
1000-1680 K 2.3 E-1 2.1 E-1 1.9 2.5 E-1
707-1000 Aliquot 2.3 E-1 2.3 E-1 3.4 E-1 1.1
297-707 Aliquot 1.9 E-1 7.2 E-1 1.9 E-1 9.3 E-2
149-297 Aliquot 3.2 E-1 - 4.7 E-2 5.8 E-1
74-149 Aliquot 7.3 E-1 8.4 E'] 9.2 E-1 5.4 E-1
30-74 Aliquot 7.9 E-1 - 1.1 6.4 E-1
<30 Aliquot 9.3 E-1 --d --b --d
20-30 Aliguot --d 9.2 E-1 _.d __b
<20 Aliquot --d --d 2.7 E-1 --d

a. In order of depth into the debris bed.
b. Not reported because of analysis problems.
c. All zirconium or uranium; the other element was not detected.

d. No particle size analysis was performed for this size group.

Sample 9
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TABLE 18. ZR/U CONCENTRATION RATIOS OF PARTICLES AND ALIQUOTS FROM THE E9 CORE LOCATION?®

pParticle Size

Fraction
(um) Particle/Aliquot Sample 4 Sample 5 Sample 6 Sample 10
>4000 A 1.4 E-1 1.4 E-1 2.4 E-2 --b
>4000 B 3.1 E-2 4.9 E-2 --g 7.8 E-2
>4000 C 204 g-z 608 E-Z - - 406 E-3
>4000 D - 4.6 E-3 1.0 E-2 4.4 £-3
>4000 £ 3.0 E-2 .- -~ 1.2 E-1
1089-4000 : b 5.5 E-3 R
680-4000 G -- -- . - .6 E-
1680-4000 H -- ..b 5.8 £-3 5.7 £-2
1000-1680 I -- 4.9 E-l E.g ?.2 E-f
1000-1680 J -- - . 6 E-
1000-1680 K - .-b 1.1 E-1 5.8 E-3
<1000 Aliquot -- 9.2 E-2 -- -
707-1000 Aliquot -- -- 2.8 E-1 3.3 E-1
297-707 Aliquot -- -- 3.9 E-1 1.7 -1
149-297 Aliquot -- -- 2.1 E-1 6.8 E-1
74-149 Aliquot -- -- 1.0 7.4 £E-1
30-74 Aliquot -- -- 1.0 4.4 5-1
<30 . Aliquot - - --d -
20-30 Aliquot -- -- -- 3.3 -1

a. In orager of depth into the debris bed.
b. Not reported because of analysis problems.
c. A1l zirconium; no uranium was detected.

d. No particle size analysis was performed for smaller sizes.
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0 Higher conéentrations of Zr are present 1n the smaller particle
size fractions, with a maximum Zr/U atom ratio of approximately
1:2.5 for the smallest (<30 ym) particle sizes. This
observation 1s consistent with previously reported results

characterizing debris from fuel damage tests 1n the Power Burst

Facility reactor of INEL.23 The higher concentrations of Zr

are probably due to fragmentation of the zircaloy cladding
remnants and increasing oxygen content (oxidation) for the
smaller particle sizes. The Zr/U atom ratios range from 1:7 to
1:2.5. An increase in Zr/U ratio with diminishing particle size
is apparent in samples to a depth of 56 cm (Sample 3) at the H8
location (see Table 17). No measurable correlation between the
Zr content and particle size is evident below this depth. The Zr
content in the E9 samples (see Table 18) shows a particle size
dependency which extends through 94 cm into the debris bed
(Sample 11). The only exception is Sample 10 (E9, 74 cm), where
the Zr content is about the same for all particle size fractions.

3.3.2.2 Control Rod Materials (Ag-In-Cd). The Ag-In-Cd control rod
materials (2749 kqg) account for approximately 2.2 wtX of the core weight.
They are important because they are highly volatile and likely to vaporize
and condense into aerosols, a principal mode for transport from the core to
the reactor coolant system. The three constituents of the control rods, in

their relative order of volatility (most volatile to least volatile), are
Cd, In, and Agq.

Tables 12 and 13 summarize the elemental analysis results for Ag, In,
and Cd in the recombined bulk samples. Of these elements, only Ag was
measurable in the recombined bulk samples. The measured Ag concentrations
are generally similar for both the H8 and E9 samples, ranging from 0.13 to
0.19 wtX. This suggests a relatively homogeneous distribution in the
rubble bed. These concentrations are equivalent to only 7.4 to 10% of the
expected Ag concentration of the core. The measured detection 1imit values
for Cd and In suggest significant depletion of both elements.
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The particle and aliquot data also Indicate that Ag 1s relatively
evenly distributed (0.1 to 0.2 wtX) at the sampled locations, with some
localized areas of higher concentrations. The higher concentrations in the

smaller particle sizes suggest Ag may be present primarily as relatively
small nodules or localized accumulations.

Although Cd and In were not measurable in the recombined bulk samples,
the detection 1imits were below expected core average concentrations
suggesting significant depletion. Ag-In-Cd were measurable in many of the
particles and aliquots (see Appendix D) because of a lower detection 1imit
assoclated with the sample size analyzed. Where measurable, Cd and In
concentrations are generally higher (0.3 to 0.8 wtX) than Ag. The original
concentration of In in a control rod fuel assembly ¥s approximately
0.9 wtX. The number of samples where In was not measurable may be due to
the ICP detection limit for In, which is approximately a factor of four
higher than the 1imit for Ag (up to 0.6 wtX for these samples).

Cd was measurable in a larger fraction of the total number of samples
than In, but in fewer than was Ag. The samples with measurable amounts of
Cd are principally particle size fractions less than 1000 um. The
smallest stze fractions have the highest Cd concentrations (0.2 to
0.5 wtX). The concentration of Cd in a control rod fuel assembly is
approximately 0.3 wtX. The data suggest Cd retention is similar to In.

No correlation between concentrations of the three control rod

constituents s apparent for the particles and aliquots. The higher
concentrations of In and Cd suggest that these elements are forming
accumulations in the core. For the smaller (<707 um) particle size
fractions, there 1s an increase in concentrations for control rod
constituents with decreasing particle size. The relative surface areas of
the individual particle size fractions were calculated (Appendix G) to
determine 1f a correlation exists between elemental concentration and
particle size. A comparison of the Increases in concentration of the
Ag-In-Cd with the increase in surface area was made for the different
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particle size fractions. No Tinear correlation with particle size was
found; however, higher concentrations of the Ag-In-Cd materials appear to
be associated with the smaller particles.

3.3.2.3. Burnable Poison Rod Materials. The two burnable poisons

present in the core are B4C-A1203 and Gd203-U02. Elemental

constituents measured during analysis of the debris were Al, Gd, and B. Al

and Gd were among the least abundant elements in the core, with original
inventories of 214 and 13.5 kg, respectively. However, B was quite

abundant, with approximately 172 kg from the poison rods and deposited
amounts from the borated reactor coolant.

The results presented in Tables 12 and 13 indicate that Gd was
measurable in most of the recombined bulk samples at concentrations of
0.04 to 0.08 wt%, whereas Al was measurable only in the two surface samples
(Samples 1 and 4) at concentrations of 3.37 and 1.1 wtX%.

Observations concerning these results and their significance are as
follows:

0 Gd is relatively evenly distributed in the debris bed at
approximately 0.056 wtX. Only four fuel assemblies in the core
[at locations H4, H12, D8, and N8 (see Figure 2)] contained
Gd203-U02 poison rods. The Gd concentrations at E9 are
similar to H8, although the distances from E9 and H8 to the
nearest Gd rod are approximately 30 and 87 cm, respectively.
These data indicate Gd has been well distributed and evenly mixed
with material present in the debris bed. The Gd concentration is
4 to 7 times higher than would be expected if the Gd was evenly
distributed in the entire core (~0.011 wt%). The measured
concentrations, if extrapolated to the estimated mass of the
debris bed (~20% of the core mass) would account for almost
100% of the original Gd inventory. These data suggest, along
with the Zr and Ag results, that the composition of the core
below the debris bed may be significantly different.
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0 High concentrations of Al are present at the surface of the
debris bed. This indicates the presence of a mechanism causing
Al to accumulate at the surface rather than become evenly

distributed within the debris bed. The measured concentrations

for Al at the surface are 7 to 20 times greater than |

f the Al

were evenly distributed in the debris bed (~1.7 mg Al/g

debris). Several mechanisms for the uneven distributi

on of Al

have been suggested. Possible mechanisms are the deposition of
A1203 or A10(0H) powder in the surface of the debris during

natural recirculation or possibly vaporization/ depos?

tion of the

Al on the in-core surfaces. Volatile Al could be produced by the
reduction of AL203 by liquified zirconlum. The results of

the particle and aliquot analysis indicate there 1s a

relationship between particle size and Al concentration, with
generally higher concentration in the smaller particie size

fractions.

3.3.2.4 Structural Materials. The principal structural materials
measurable In the core debris are fFe, Mn, Mo, Cr, Ni, Nb, and Sn. Table 19
1ists average concentrations of these elements, ranges, and comparisons

with average concentratlons in the debris bed. No significant
accumulations of any element were found In the debris, with the

possible

exception of Nb, which was expected because it has a high melting point

(>2600 K). The results iIndicate that there has been significant
depletion (50 to 75%) of structural materlals from the debris be

3.3.2.5 Tellurtum. Due to radloactive decay, no fission p

radlonuclides were measurable in the core debris grab samples.
elemental Te content was measured in an attempt to determine the

d.

roduct Te
Therefore,

concentration of fission product Te in the debris bed at the time of the

accident.

Tables 12 and 13 indicate that Te concentrations were less
ICP detection 1imit for the recombined bulk samples; however, Te

than the
was

measurable in some particles and aliquots, but was near the ICP detection
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TABLE 19. STRUCTURAL MATERIAL CONCENTRATIONS AND RANGES OF THE TMI-2 CORE
DEBRIS GRAB SAMPLES

Measured Initial Core
Average Average Fraction
Concentration Concentration of Core b
Element (wt%) Range (wt%) Inventory
H8 Samples
Fe 9.6 E-1 5E-1 to 1.1 2.8 0.34
Mn 3.3 E-2 1.9 E-2 to 4.7 E-2 0.07 0.47
Cr 2.9 E-1 1.2 E-1 to 3.9 E-1 0.91 0.32
Mo --¢ --C 0.03 --C
Ni 3.8 E-1 1.7 E-1 to 6.5 E-1 0.84 0.45
Nb 1.7 £-1d 0 to 1.7 E-1 0.05 3.1
Sn --C --C 0.29 --C
E9 Samples
Fe 4.6 E-1 2.1 E-1 to 8.3 E-1 2.8 0.16
Mn 1.7 E-2 1.4 E-2 to 2.1 E-] 0.07 0.24
Cr 1.2 E-] 6.3 E-1 to 2.1 E-1 0.91 0.13
Mo -C --¢ 0.03 --C
N 2.9 E-1d 2.4 to 39 0.84 0.35
Nb 1.8 £-1d 1.0 to 2.7 0.05 3.6
Sn --¢ --¢ 0.29 --C

a. A total core mass of 1.25 x 105 kg and an even distribution of the
core inventory from Table 11 is assumed.

b. Fraction of core inventory is calculated by dividing the measured
concentration by the average core concentration.

C. Not detected.
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Nimit. Table 20 1ists which particles and aliquots contaln Te and
summarzes the measured Te concentrations. The results indicate that most
(715%X) of the materlals contalning Te were located near the surface of the
debris bed. The calculated Te iInventory in the core at the time of the
accident was approximately 4.45 kg, of which 800 g was estimated to be Te
1hpurtty In stainless steel and 3.65 kg was stable fission product Te.
Assuming a total core mass of 1.25 x 105 kg, the average Te concentration

was 3.6 x 10‘3 wtX. The measured concentrations range from
25 to 277 times the average core concentration, suggesting significant

relocation of Te to the surface of the debris bed. The source of the Te
(V.e., elther natural or fission product) is not known: however, no
accumulations of other stainless steel constituents are present in the
surface of the debris bed except Al.

3.4 Radlochemical Analysis

Radiochemical analyses were performed on the recombined bulk samples,
particles and aliquots from all ten samples, and on the ferromagnetic
component of Sample 6. Gamma spectroscopy, fissile matertal, and 9OSr
analyses were performed on the recombined bulk samples. These same
analyses and ]291 and fertile material content analyses were performed on
the particles and aliquots. Only gamma spectroscopy analysis was performed
on the ferromagnetic component of Sample 6, because this portion had to be
recombined with the bulk sample to allow measurement of the average
radionuclide concentrations.

Radionuclides were chosen for analysis based on their importance to
nuclear safety 1ssues, because they would provide information on chemical
behavior (volatility, leachability, etc.) and fission product behavior that
will help define mechanisms by which radionuclides are released from the
reactor core during severe fuel damage accidents. Evaluations of the
radiochemical analysis results were performed to (a) determine the average
radionuclide composition of the debris bed, (b) compare measured
radionuclide concentrations with calculated radionuclide inventories (using
the ORIGEN-2 code), (c) correlate fisslon product concentrations and
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TABLE 20. TELLURIUM CONCENTRATIONS OF PARTICLES AND ALIQUOTS FROM THE TM]I-2
CORE DEBRIS GRAB SAMPLES

Te]lur‘iuma

il Particles and Aliquots Concentration
E Containing Tellurium (wt%)
. H8 Samples

Particle 1B

Particle 1t

Particle 1F

Particle 1H

74-149 uym aliquot (Sample 1)
30-74 um aliquot (Sample 3)
>20 um aliquot (Sample 8)

- OO OO0 0O
O DMDW MWW

E9 Samples

Particle 4A
Particle 4C
Particle 4E
Particle 5C
Particle 51
Particle 63
Particle 11A

E-2

IR
O —-OwWuhwuwm

a. The calculated average tellurium concentration for the original core 1is
3.6 x 10-3 wtx.
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material types (e.g., 2V'rcaloy and structural matertals), (d) estimate
relocation of core materlals based on the enrichment of individual samples,
and (e) study the Cs release and settling characteristics of the core
debris matertals.

3.4.1 Summary of Results

Tables 21 and 2?2 1ist the measured radlonuclide concentrations for the
recombined bulk samples from the H8 and £9 core locations, respectively.

Results are reported in uCi/g sample. Weights of the recombined bulk
samples also are listed. Radlonuclide concentrations of the Insoluble

portion of each recombined bulk sample, as determined by gamma spectroscopy
are listed in Appendix E. As discussed In Section 3.3, less than 3% of any
sample was Insoluble, therefore, the radionuclide concentration of the
insoluble portion s relatively insignificant when compared with the
dissolved portion. The total uncertainty assoclated with the radionuclide
andlysis of the recombined bulk samples is approximately 10%. Factors
contributing to the total uncertainty Include (a) the presence of insoluble
material, (b) uncertainties assoclated with the analytical methods, and

(c) uncertainties assoclated with sample weight and volume measurements.

Appendix E presents results of the radlochemical analyses of the
particles and aliquots. The radionuclides measured are the same as those

listed for the recombined bulk sample in Tables 21 and 22. Results of the
1291 and fissile/fertile materi1al content analyses also are included In
Appendix E. Uncertaintles assoclated with analysis of the particles and
aliquots are generally 10X. However, as noted in Appendix E, uncertainties
for some particles and aliquots are as high as 30X, due to either mass
attenuation corrections for radtonuclides measured using low energy

(<500 keV) gamma rays (]SSEu is 30%), small (<5 mg) sample weights,

or sample losses during dissolution.

Table 23 1ists the results of the gamma spectroscopy analyslis
performed to determine the radionuclide retention by the ferromagnetic
constituent of Sample 6.
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TABLE 21. AVERAGE RADIONUCLIDE CONCENTRATIONS OF THE RECOMBINED BULK SAMPLES FROM THE H8 CORE LOCATION
{uCi/g sample decay corrected to April 1, 1984)

Sample 1 Sample 7 Sample 3 Samples 8 and 9
Radlonuclide (23.56 q)° (44.62 q)2 __(50.10 q)® (94.6 q)°
60¢, 4.99 + 0.12 E+1 3.93 + 0.11 E+} 6.44 + 0.1 3.41 + 0.06 E+]
905, 5.21 + 0.23 E+3 5.49 + 0.33 E+3 5.99 + 0.24 E+3 5.52 + 0.22 E+3
106p,, 4.92 & 0.13 E+2 3.61 + 0.11 E+2 7.56 ¢+ 0.17 E+2 3.80 + 0.08 E+2
125gy, 1.19 + 0.03 E+2 6.52 t 0.28 E+1 1.11 £ 0.08 E+2 7.27 + 0,23 E4+)
1291d 5.6 E-4C .-d 3.8 E.-4 _d
134¢¢ 6.73 + 0.14 E+} 6.47 + 0.14 E+1 5.22 £ 0.12 E+) 5.53 + 0.08 E+]
¢s 1.35 &+ 0.01 E+3 1.38 £ 0.01 E+3 1.25 + 0.01 E+3 1.30 + 0.01 E+3
144ce 3.08 + 0.21 E+3 3.02 + 0.21 E+3 2.95 + 0.20 E+3 2.78 + 0.01 E+3
154, 5.49 £+ 0.21 Eel 5.30 + 0.21 £+] 4.67 + 0.19 Ex 4.65 £+ 0.10 E+)
155g, 1.00 + 0.30 E+2 9.4 + 3,14 B.3 + 2.6 E+l 8.4 + 1.8 F+)
235yb 1.64 + 0.59 E+] 1.78 + 0.09 E+1 1.94 + 0.10 E+1 1.84 + 0.02 E+)

a. Sample welght dissolved,

b. Analyses for 235y were performed by the methods discussed in Section 2 and are reported In mg/g sample.
¢. Results calculated from analysis of the particles and allquots.

d. Analyses were performed for 1291, however, safety restrictions made 1t necessary to reduce the sample

size, thereby reducing the number of measurable results below the quantity required to calculate bulk sample
concentrations.
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TABLE 22.

AVERAGE RADIONUCLIDE CONCENTRATIONS OF YHE RECOMBINED BULK SAMPLES FROM THE €9 CORE LOCATION

{uCV/g sample decay corrected to April 1, 1984)
Sample & Sample 5 Sample § Sampie 10 Sample 11
ammmm __ts.m g (s.6¢ g)° 5.9 g)° (57,44 q)* (82.5¢ q)°
5.68 ¢ 0.11 ¢} £.68 ¢ 0.14 E+) 3,72 £ 0.12 €4} 3.25 £ 0.1 E4) 5.18 £ 0.14 £+)
02' 6.33 ¢ 0.21 £+3 6.73 ¢ 0.34 £+3 5.0 t 0.27 £+3 5.99 £ 0.28 £+3 4.97 £ 0.25 Ee3
! 7.12 2 0.1 o2 1.01 £ 0.02 £+3 5.46 & 0.19 £+2 6.54 ¢ 0.17 E2 5.65 ¢ 0.16 £+2
125¢p 8.13 £ 0.19 £¢) 1.45 £ 0.03 £+2 1.01 + 0.08 £+2 9.72 ¢ 0,36 £s1 1.94 £ 0,08 €42
‘?910 2.4 £-AC 5.9 £-4€ 4.2 £-4C .- --
Vg 2.43 £ 0.06 £ 1.09 ¢ 0.02 E+2 8.56 & 0.02 £+1 6.69 £ 0.14 £+ 7.87 £ 0.18 £4)
¢, 4.77 £ 0.02 £+2 2.44 £ 0.07 £+3 2.11 £ 0.01 £+3 1.56 ¢ 0.06 E+3 1.91 £ 0.01 £+3
144ce 3.64 £ 0.18 £+3 3.05 ¢ 0.02 E+3 2.15 £ 0.22 £+3 2.58 £ 0.22 £+3 2.59 £ 0.22 £+3
‘S‘Eu $.471 £ 0.17 £ 4.88 ¢ 0.26 £4) 2.90 £ 0.19 E) 4.14 £ 0.21 €01 3.23 £ 0.18 £
155¢y 1.14 ¢ 0.36 Ee2 9.8 £ 3.2 £} 7.8 ¢ 2.6 E+) 8.8¢2.9¢E4 8.0 £ 2.6 £+
235ygd 2. £ 0.2V £ 2.29 £ 0.10 E0) 1.94 ¢ 0.07 E») 1.96 £ 0.09 E+) 2.1 £ 0.11 £

a. Sample weight dissolved.

b. Analyses for 235U were performed by the methods discussed In Section 2 are reported in mg/g sample.

. Results calculated from analysis of the particles and aliquots,

d. Analyses were performed for 1291, howeve
size, thereby reducing the number of measurd

concentrations.

»

r, safety restrictions made 1t necessary to reduce the sample
ble results below the quantity required to calculate bulk sample
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TABLE 23. RADIONUCLIDE CONCENTRATIONS OF THE FERROMAGNETIC COMPONENT OF SAMPLE 6
(uCV/g, decay corrected to April 1, 1984)

Particle Size Fraction

{pm)
707-1000 297-707 149-297 74-149
Radionuclide (0.25 ¢)° (0.19 q)° (0.025 q)3 (0.024 q)°
S4un 7.4 ¢+ 3.0 E-) 4.0 +1.2 3.4 1.2 5.2 1.2
60co 2.01 # 0.02 E+2 7.31 + 0.07 E+2 65.18 + 0.07 E+2 5.48 & 0.06 E+2
106p,, 3.22 t 0.54 E+2 1.39 ¢ 0.17 E+3 7.47 £ 0.20 E+2 6.46 + 0.17 £+2
125gp 2.35 £ 0.03 E+2 3.34 £+ 099 F+2 3.23 £ 0.10 E+2 3.46 + 0.09 E+2
134¢g 1.86 + 0.35 8.79 + 0.25 E+l 5.26 + 0.22 E+) 6.72 + 0.27 E+1
137¢s 3.61 & 0.06 E+1 1.58 + 0.01 E+3 1.02 + 0.01 E+3 1.24 + 0.0) E+3
144ce 1.24 + 0.22 E+2 7.4 1.1 E+2 4.7 + 1.0 E+2 4.3) + 0.86 E+2
154g, 1.55 ¢ 0.53 1.35 ¢ 0.24 £+ 6.7 £ 2.0 7.4 +1.8
V55gy 8.7+ 2.9 3.3+ 1.1 E+} 2.0 £ 0.6 s 2.3 £ 0.7 E4

a. HWeight of the ferromagnetic component.




3.4.2 Radlonuclide Composition of the Core Debris

The radionuclide composition of the core debris was determined based
on the radionucliide concentrations of the recombined bulk samples (1isted
in Tables 21 and 22). Results are discussed in the order of expected
‘f\ss\on product volatility.

Fisston products are categorized in Table 24 by volatility of the
chemical group and element. Thls grouping is consistent with the WASH-1400
characteruauon.z"25 Some possible chemical compounds for each element
are also summarized, and the boiling temperatures of elements and some
compounds are listed. Radlonuclides for which analysis of the core debris

grab samples were performed also are indicated.

The high-volatiiity fission product groups (I, II, 1II, and IV.a)
shown in Table 24 contaln the noble gases, halogens, alkall metals, and
heavy chalcogens, and are characterized by bolling points less than 1600 K
for the elemental forms as well as for the listed oxide compounds.

The medium-volatility fisslon products are characterized by bolling
points less than 3100 K (UO2 melting). These materials include fission
product elements from the Group VA metals, alkaline earths, some of the
rare earths, and actinides. The volatility of elements in this
classification is strongly dependent on chemical form. For example, 8a0
has a low volatility, BaH2 has a medium volatility, and Bao2 has a high
volatility. The chemical form of Ba will depend primarily on fuel
chemistry, the oxidizing potential in the reactor coolant system, and

temperature.

The low-volatility materials include fission product elements from the
noble metals, the remaining rare earths and actinides, tetravalents, and

early transition elements. Generally the oxides of these elements also
have low volatilities:; however, La0 and some of the noble metal oxtdes are

significantly more volatile than the element.
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TABLE 24. CORE MATERIAL VOLATILITY GROUPS

WASH- 1400 Boiling? Boiling?
Group Temperature Temperature . Analysis
Number Chemical Group Element (K) Volatility Possible Compounds (K) Volatility Performed

Fission Products

I Noble gases Kkrb 121 High - - -
Xeb 166 High - -
11 Halogens Br 332 High CsBab 1573 High X
1 458 High Csl 1553 High
HI 238 High
111 Alkali metals Rbb 973 High RbID 1577 High X
Rb,0 -- High
RboU, 1273 High
csb 963 High CsIb 1553 High
CsOH ~1350¢€ High
Csp0 - High
Cs70 923 High
CspU04 B -- -
Iv.a Heavy chalcogens Seb 958 High Selz 453 High X
Se0> 613 High
Teb 1215 High Te0, ~1450 High
Teo02 -—- --
silver-telluride - --
iron-telluride - --
zirconium telluride -- -
tin-telluride - -
nickel-telluride -- -
chrome~telluride - -
fFission Products
Iv.b Group VA metals sbb 2023 Medium Sbp03 1823 Medium X
v Alkaline earths Sr 1657 Medium srob ~3100°¢ Low X
Ba 1913 Medium BaHg 1673 Medium
Ba0 ~3500¢ Low
BaGy 1073 High
Vi Rare earths Eu 1870 Medium Eup03 b - -
Sm 2051 Medium Smp03 b - --
Pm 2733 Medum Rms03 b -- --

Actinides Am 2880 Medium Am0» b - -
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TABLE-24. (continued) .

WASH- 1400 Bot1ing® Boiling®
Group Temperature Temperature Analysis
Number Chemical Group Element {K) Volatility Possible Compounds {K) Yolatility Performed
vi Noble metals P$ 3413 Low PdO - - X
R 4000 Low Rg - -
R - -
Rud 4173 Low Ru 3 - -
RuOyq - -
Mob 4885 Low Mo0, D - .-
uoa 3 ~1300¢ High
MoU3 - .-
Ted 5150 Low .- -
Vil Rare earths Y N Low Y03 b - --
La 3730 Low La0 -- Medium-High X
La03 ® 4473 Low
Ce 3530 Low Ce - -
Ce03 © - -
Pr 3485 Low Pr - -
Pralj b .- -
Ng 3400 Low NdzO3 - -
Actinides Np 4175 Low Np0p © -- --
Pu 3505 Low Pu0y b 3570 Low
Cm -- Low Cmo, O . --
Tetravalents rd 4650 Low o, b 5273 Low
farly transition Nb 5015 Low NbO, b -- Low
Nb2Ug - -

a. Boiling temperature at 1 atm., data primarily from CRC Handbook of Chemistry and Physics, 56th Edition.
b. Probable chemical form of the fissfon product within the fuel.

c. NAA-SR-132.

d. Zirconium is both a fission product and a structural material.

e. Probable form of oxide released because of MoO, decomposition.




129 134,137

3.4.2.1 Cesium and lodine. I and Cs are the most

volatile radionuclides measurable in the core debris grab samples and have
been released to the reactor coolant system in significant quantities. The
129I concentrations 1isted in Tables 21 and 22 were obtained by weighting
the results of the particle and aliquot analyses. ]291 analysis was
performed on recombined bulk samples (Samples 1, 3, 4, 5, and 6).
Subsequent safety restrictions made it necessary to reduce the sample sizes
for Samples 7 through 11, thereby reducing the number of measurable results
below the number required to calculate average bulk sample concentrations.
The ]291 results for the five measured samples are mutually consistent,
suggesting relatively homogeneous 1291 concentrations in the debris bed.
The estimated uncertainty for the calculated concentrations is at least
100%. Retention of ]291 in the fuel matrix and on structural materials

is further evaluated in Section 3.4.3 and 3.4.4.

At the H8 sample locations, the concentrations of ]37Cs at all

depths are relatively consistent (within 5% of the average concentration of

1.32 £E+43 uCi/g sample). At the E9 sample locations, however, the ]37Cs

concentrations vary more widely. The 137

Cs concentration for Sample 4
(E9, surface) 1s a factor of 5 lTower than any other ]37Cs concentration
within the debris bed. These data indicate a significant change in
concentration at the surface of the debris bed. The concentration is
highest for Sample 5 (E9, 8 cm) and generally decreases with increasing
depth, suggesting the presence of a concentration gradient.

Comparing the measured ]37Cs concentrations at the H8 and E9
locations suggests significant differences in fission product behavior at

the two locations:

o The ]37Cs concentrations are higher (from 18 to 85%) at E9 than

at H8, suggesting radial differences in the radionuclide
composition of the core. The data suggest that the H8 and E9
locations experienced different conditions during or after the
accident.
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0 Although the ]37Cs concentrations at H8 are consistent, a

gradient s indicated at the 9 location. A 22 to 36X decrease
in ]37Cs concentration from Sample 5 (8 cm) to Samples 10 and

11 (74 to 94 cm in the debris bed) suggests that areas deeper in
the core may have different radlonuclide concentrations.

90 125

3.4.2.2 Strontium and Antimony. Sr and Sb have relattvely

moderate volatilities as elements. However, as compounds, Sb203 has a

moderate volatility, but Sr0 has a low volatility. The concentrations of
90Sr for all HB8 samples are within 6X of the average concentration

(5.55 E+3 uCi/qg sample). These data iIndicate that the distribution of
90Sr in the debris bed at the H8 locatton 1s relatively consistent.

Also, comparison of the fissile material content with 9OSr concentrations

suggests that 9OSr retention in the fuel is rather uniform. Other
examinations (not part of this report) have determined that small amounts
of 90Sr have leached iInto the reactor coolant.26 Retention of 90Sr

in the fuel is discussed In Sections 3.4.3 and 3.4.4.

At the E9 locatlon, the 90Sr concentrations are more variable
(within 15% of the average concentration of 5.82 E+3 uC1/g sample).
However, the data indicate that 90Sr is relatively evenly deposited in

the debris bed.

At the H8 and E9 locatlons, the ]255b concentrations vary by about a
factor of 2. The average concentration at E9 1is approximately 23X higher
than at H8, suggesting a radial gradient or variation in burnup between the

two locations. No correlation with fissile material content is apparent

for lzssb.

3.4.2.3 Ruthentum. Ru fisston products are expected to be relatively

nonvolatile as the metal but more volatile in the oxide forms (especlally

Ruo‘). The ‘osau concentrations listed in Tables 21 and 22 vary
significantly (up to a factor of 2.8) at the H8 and E9 locatlons. The

concentrations at £9 are generally higher than at H8. At HB8, the
concentrations range from 3.61 E+2 to 7.56 E+2 uCl/g, whereas at E9 the
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concentrations range from 5.46 E+2 to 1.01 E+3 uCi/g, Indicating a radial
concentration gradient. No correlation between concentration and depth is

apparent. Comparison with fissile material (2350) content indicates

significant relocation of ]06Ru from the fuel. The ]OGRU/ZSSU ratios

range from 20.6 to 39 at H8 and from 27 to 44 at E9, suggesting variations
in ]06Ru retention in the fuel. Variations in burnup can affect this

correlation; however, further evidence of ]OsRu relocation and evidence

of a correlation between 106Ru and structural material content 1is

discussed in Section 3.4.4.

3.4.2.4 Cerium and Europium. '*%ce and '°%:1%3

materials in the lanthanide group and were expected to have been retained

significantly in the fuel. ]44Ce is discussed principally because
comparison of the '*ces'®*'19%y ratios indicates that the cerium and

Eu behave similarly, with the exceptions of Samples 6 and 11 which have
higher than expected ratios.

Eu are refractory

The 144Ce concentrations at HB8 are similar (within 9%) at all

depths. Correlations with fissile material content indicates higher ratios
(12 to 22%4) near the surface of the debris bed.

There is an apparent gradient (~29%) in the 144Ce concentrations
at the E9 locations, from high values at the surface to lower values at
94 cm into the debris bed. Correlation with fissile material content
indicates higher ]44Ce/235U ratios (~28%) near the surface of the
debris bed. An explanation for the variation in ratios is discussed in
Section 4.3.

3.4.2.5 C(Cobalt. 60Co Is an activation product of Co present 1in
stainless steel and Inconel. The data suggest variations in concentrations
by factors of 1.8 and 7.7 at H8 and €9, respectively. 60Co

concentrations can provide some indication of the structural material
content of the core debris grab samples.
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3.4.3 Comparison with ORIGEN-2 Predicted Radlonuclide Concentrations

The measured radtonuclide concentrations of the recombined bulk
samples were compared with concentrations predicted by the ORIGEN-2
computer code in order to assess retention of radlonuclides in the core and
" fuel matrix.

Two methods were used to estimate normalized radionuclide retention in
the core materials:

0 The measured radionuclide concentrations in the core debris grab
samples were extrapolated to the welght of all materials present
in the core (1.25 x 105 kg) and rattoed to the whole core
fission product inventories. This analysls assumes the debris
bed {s representative of the core as a whole.

0 The radionuclide concentrations were also normalized to the
amount of U present 1n each bulk sample (see Tables 12 and 13)
and ratioed to the predicted average fission product
concentration per gram of U. This analysis assumes that the U
contains the radionuclide inventory and that the sample has an
average burnup.

Appendix F presents the average radionuclide concentrations per gram
of U, as predicted by a nodular ORIGEN-2 ana1ysis’27 Average predicted
radionuclide concentrations are used because the quantities of fission
products assoctated with each gram of U varles with 2350 enrichment and
burnup (total neutron exposure). Filgures F-1 through F-7 in Appendix F
show the vartations in burnup and enrichment before the accident as
functions of radial position and depth in the core. Burnup of the reactor
fuel and, consequently, fission product concentrations predicted by
ORIGEN-2 vary from the average concentration by a Factor of approximately 2
for the TMI-2 core. Therefore, comparing normalized measured to predicted
concentrations }s valuable principally for intercomparison purposes.

- However, a measure of the accuracy of the comparison s obtained by
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comparing retention of the refractory materials (e.g., 4Ce) with

predicted concentrations to obtain an effective measure of retention. The
W4, Lesults indicate retention greater than 100%, suggesting that the
samples were obtained from locations with higher than average burnup. The
uncertainty associated with each analysis method is addressed below.

Table 25 summarizes the normalized retention of radionuclides in the
core, based on extrapolating the recombined bulk sample concentrations to
the total core weight. With few exceptions, retention follows the order of
volatility of the fission products discussed in Section 3.4.2. The ]291,
]34Cs, and 137Cs radionuclide concentrations indicate the lowest
retention, ranging from 20 to 30% of the core inventory at both the H8 and
E9 locations. These data suggest significant (70 to 80%) release of these
fission products from the debris bed. Measurements of ]3765 released to
other portions of the reactor account for approximately 40% of the core

inventory of ]3705.28

1060, are indicated at the H8

and E9 locations. Although the ranges overlap for the two locations,

Significant variations in retention of

average retention varies by approximately 25%, suggesting significantiy
more depletion at the H8 sample locations.

The measured retentions of 90Sr and ]25$b in the debris bed differ

significantly, although both elements have similar volatilities (the
expected compounds do not). The results indicate 9OSr is significantly
retained in the debris bed at both locations, as predicted. The calculated
retentions are greater than 100% and are probably due to higher than
average burnup at the sampled locations. For ]ZSSb. however, the average
measured retention is significantly less (21 to 31%) at both locations,
indicating behavior similar to ]37Cs. No explanation is apparent for the
low concentrations of ]255b; however, Sb appears to be scavenged in some
cases by structural material (see Section 3.4.4.2) and may have been
transported to other locations in the reactor core (see Section 4).
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TABLE 25. RADIONUCLIDE RETENTION IN THE TMI-2 CORE®

*
»

W8 Samples 5 £9 Semples

Fraction ' Fraction of
Total Core of Inventory Core Inventory
lnventoryb Average ¢ Retalnodd Rlngc' Average ¢ I'taiutd‘ Range'
Radlonuciide {€1) Concentration {%X) (%) Concentration” ixr . (X}
90g 5.62 £+S 5.55 £43 105 98-113 5.82 £+43 110 94-127
106py 1.15 E+S 4.97 £2 54 39-82 6.97 £+2 76 $9-110
125gp 3.70 Ee4 9.20 £ N 22-40 6.23 €41 F3] 4.9-34
129 2.29 £-) 4.70 £-4 26 21-31 4.17 £-4 23 13-32
134, 3.70 Eed 5.99 £+ 20 18-23 1.23 £} 2 8.2-3
lgs 7.60 Ee§ 1.32 €3 22 21-23 1.70 €43 28 7.8-40
144¢ce 2.75 £+5 2.95 E+3 134 126-138 2.80 €3 127 98-165
Vlg,f 6.38 £+3 6.03 £l 98 91-108 4.12 £ 8 §7-107
V55¢,f 1.61 Eod 9.02 Ee) 10 64-78 9.16 Esl n 60-88

3. Radionuclide retention 1s calculated assuming the core |s homogeneous and the chemical composition 1s
similar throughout the core.

b. The total core fission product inventortes (¥n C1), as calculated by ORIGEN-2, are Visted in Appendix F.
¢. Average concentration is listed tn pCi/g debris; decay 1s corrected to April 1, 1984.

d. Fraction of core inventory retained 1s calculated by extrapolating the average radionuclide concentration
to the total core mass.

e. The range is for the miminum and maximum calculated fractions of core inventory retained for all H8 or E9
samples.

f. The predicted concentrations for 15%tu and 155¢u have relatively large assoclated uncertainties
(20-30%) because of uncertainties in the production of these radionuclides as extrapolated to the entire core.




The refractory radionuclides (]44Ce.]54Eu. and ]55Eu) were
significantly retained in the core debris at both the H8 and E9 locations.
The 144Ce concentrations are significantly greater than 100% (1.e.,
~130%). The probable explanation is that the core debris grab samples
were obtained from locations with higher than average burnup. The
uncertainty associated with radionuclide retentions as determined from an
evaluation of the ]44Ce results would suggest a maximum uncertainty of
~67% for the sample with the highest concentrations above the core
average to a mean uncertainty of 34%. These data would cause a reduction
in the calculated retention by 34% or 67%, respectively. This calculation
uses a gross 15% uncertainty for the measurement results. However, this
technique is considered less accurate than other methods, as the core must

be assumed to be homogeneous and chemically similar.

To better evaluate retention in the fuel and, as previously discussed,
provide another estimate of radionuclide retention in the core debris, the
measured radionuclide concentrations were normalized to the measured U
content for each sample (see Section 3.3) and compared to the average
fission product concentrations calculated by ORIGEN-2. Table 26 summarizes
the normalized retention of radionuclides in the core debris, based on
fission product concentrations normalized to U content. Also included is
the effective enrichment determined for each sample, based on the fissile
material content from Tables 21 and 22 and U content from Tables 12
and 13. The enrichment results indicate significant variations from the
original U enrichments at H8 (2.64%) and E9 (1.98%). At H8, some of the
measured enrichments (1.e., Samples 7, 8, and 9) are similar to the
original enrichments. However, at E9 the enrichments are significantly
higher than the original 1.96% enrichment, indicating significant fuel
mixing. Original burnup at E9 ranged from 1931 to 4485 MWd/MTU, whereas at
H8 the burnup ranged from 2057 to 6213 MWd/MTU. Although H8 had a higher
original burnup, the data indicate significant relocation. The fractions
of the core inventory retained are similar to those l1isted in Table 25.

The uncertainty associated with this analysis ad determined from an

144
evaluation of the Ce results would indicate a maximum uncertainty of
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VABLE 26. RADIONUCLIDE RETENTION NORNALIZED TO URANIUM CONTENTE

* (X of core inventory)

.

Calculated .
core hveree | HD Samples® £9 Sampes®
oncentration
Rad)onuc 1 1de {CV/q V) ] 2 3 8 and 9 4 _5_ & 1w
90, 8.12 £-3 9 9N 102 9% 94 100 88 1[11] 79
106g, 1.4 £-3 50 35 " 37 6) 86 55 63 52
125¢y 4.53 E-4 N 13 k] 23 22 3.8 32 23 lal
129 2.81 £-9 28 - 19 .- 10 25 21 - .-
134¢, 4.53 -4 2 19 16 1} 6.4 29 27 20 22
37¢s 9.32 £-3 21 20 18 19 6.2 32 32 23 26
144c, 3.37 £-3 128 1 F1] 121 110 130 no 90 104 99
154, 71.82 £-5 100 92 82 82 84 75 52 12 53
‘ssig 1.98 €4 12 o4 58 59 69 60 56 61 52
235ye,238y -- 2.3 2.4 2.7 2.5 2.5 2.8 2.1 2.7 2.1
(%)

a.

Chemical analyses indicate there are no significant concentrations of structural components and,

consequently, the calculated retention s representative of the debris bed w!thout significant structural
*contamination.

b.
c.

d.

Calculated concentrations are from Appendix F and are decay corrected to Arpil 1, 1984,
Urantum content used for aormalization from elemental content in Section 3.
Not reported.

235y values are from Table E-11, and tota) uranium from Tables 12 and 13.
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34% with a mean value of 20%. Therefore, the measured retentions could
concelvably be reduced by these fractional percentages (e.g., average
]37Cs retention would be reduced from 22% to 14.4%).

Table 27 compares the fractions of core inventory retained, calculated
by extrapolating the measured fission product concentrations to the weight
of all core components and normalizing to the quantity of fission products
present in a gram of U. Retention calculated by either method 1s similar;
however, the calculated retention based on the quantity of fission products

in a gram of U is lower (10 to 15%). This method probably 1s more
accurate, because the quantity of structural material in the debris bed to

which extrapolations using core weight are made is not well known.

3.4.4 Fission Product Association With Zr and Structural Materials

Fission product assoctation with Zr and structural materials indicates
release of fission products from the fuel and subsequent association (by
vaporization/deposition, chemical reaction, etc.) with other materials in
the core region. Data used in this evaluation are from the gamma
spectroscopy analysis of the ferromagnetic components of Sample 6 and from
analysis of particles and aliquots that are predominantly U, Zr, or
structural material.

3.4.4.1 Ferromagnetic Material Analysis. Table 28 1ists the gamma
spectroscopy analysis results from the measurable ferromagnetic components
of Sample 6. These data provide an indication of the fission product
concentrations associated with structural materials. Table 28 compares

radionuclide concentrations of the ferromagnetic components with those of
the recombined bulk samples. The data can be divided into two distinct
?ggups of radionuclides. The first group, including 60Co, ]06Ru. and

Sb, generally show concentrations higher than those of the average
recombined bulk samples, whereas the concentrations of the second group,
134 137 154 155

Cs, Cs, Eu, gzd Eu, are lower than the average
concentrations. The ~'Mn (not measurable in the recombined bulk samples)

60
and ""Co are neutron activation products of stainless steel and are
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TABLE 27. :g?PARlSON OF RADIONUCLIOE RETENTION CALCULATED BY DIFFERENT

. (% of core inventory)

» H8 Samples E9 Samples
* Extrapolation Extrapolation
L Extrapolation to a Gram Extrapolation to a Gram
 madlenuclide to Core Wetght® _of Urantus® to Core Weight® _of Uranius®
90gr 105 95 110 92
106gy 54 49 16 63
125¢y 3 28 21 18
129 26 23 23 19
_mcs 20 18 24 )
137¢s 22 20 28 24
144¢ce 134 121 121 107
154¢, 98 89 81 67
155¢y 70 63 n 60

a. Results taken from Table 25.

b. Average concentrations obtained from Table 26.
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TABLE 28. COMPARISON OF THE FERROMAGNETIC/AVERAGE RADIONUCLIDE
CONCENTRATIONS OF SAMPLE 62

Particle Size Fraction

(um)

707-1000 297-707 149-297 74-149

Radionuclide Aliquot Aliquot Aliquot Aliguot
S4un --4a --a _.a _.a
60co 5.4 19.6 16.6 14.7
106R, 0.59 2.6 1.4 1.2
1255 2.3 3.3 3.2 3.4
134¢s 0.02 1.0 0.6 0.79
137¢s 0.02 0.75 0.48 0.59
144ce 0.06 0.34 0.22 0.20
154 0.06 0.47 0.23 0.26
155, 0.30 1.1 0.69 0.79

a. This table lists the ratios of the radionuclide concentrations measured
in the ferromagnetic component of Sample 6 to the recombined bulk sample
average concentration. High ratios indicate accumulations of the
radionuclide in the ferromagnetic component.
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expected to be measurable \n the ferromagnetic matertal fraction. The

1
]oaku and szb, however, are fission products, and the data suggest

that these radionuclides tend to be released from the fuel and become

assocliated with structural materlals. These data are further evaluated in
the discussion In Section 3.4.4.2.

134 137

The average or lower than average concentrations of

Cs,
]“Ce. ]S‘Eu. and ]SSEu were expected. The ]34Cs and ]37Cs are

lower than expected because they may have been significantly leached into
the coolant since the accident (see Reference 28) or were not strongly

attracted to the structural matertals. The low concentrations of 144Ce.

]S‘Eu. and lssfu were expected because these materials tend to remain

in the fuel.

Cs,

3.4.4.2 Particle and Aliquot Analysis. The analysis results of the

particles and aliquots provide further Indications of the retention of
fission products by U, Zr, and structural materials. Chemical and
radiochemical analyses were performed on each particle and aliquot
studied. Table 29 1ists the fission product concentrations for those
particles that were principally U or Zr.

As shown in Table 29, ]291 and 134,137
different amounts between the U and Zr particles.
more with U than with Zr, whereas ]291 is assoclated to a greater extent
with the Zr particles.

Cs appear to be retained in
]37Cs 1s assocliated

Table 30 summarizes the correlations of the particle and aliquot

results shown in Figures 32 through 41. No correlations were observed
between ‘37Cs °r1291 and uranium for the particles and aliquots 137

(Figures 32 and 33). There is no apparent correlation between the Cs
and 1291 concentrations [V.e., no similarity in the ratios of these

radionuclides (Figure 34 and Table 29)]; however, the data in Table 29 are
for a 1imited number of particles with concentrations ranging by a factor

of 100, which may bias the average concentrations.
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TABLE 29. COMPARISON OF FISSION P
PRINCIPALLY URANIUM OR

RODUCT CONCENTRATIONS ASSOCIATED WITH PARTICLES WHICH WERE

ZIRCONIUM

Principally Uranium Bear ing

Partic]esa
Average Range
Radionuclide (uCi/q) {pCi/q)
60¢, 1.2 €41 0 - 70.4

9gSr 4.95 43 1.4 E+1 - 1.23 E+4
106py 1.01 E+3 5.40 E+2 - 1.73 E+3
125gp 8.55 E+1 3.86 E+1 - 1.49 F+2
129) 6.38 E-4 3.5 E-5 - 1.6 E-3
134 6.12 E+] 2.9 - 1.69 £+2
Bieg 1.82 £+3 5.3 E+1 - 4.38 E+3
144c, 2.93 E+3 1.81 E+3 - 4.67 £+3
154, 3.79 £+ 1.58 E+1 - 7.87 £+l
155¢y 1.11 Es2 0 - 2.07 E+2

Average

(nCi/q)

1.45 £
1.21 Ee2
3.3 £

1.01 E+2
1.20 £-3

.9 B+l

.40 E+2
.20 E+2€
.71 E-1¢

Principally Zirconium Bearing Part!c]esb
Zr Rich
(pCizq) _
Range U Rich
(vCi/q) {(pCi/q}
1.2 - 5.9 E1) 1.2
2.6 E+Y - 1.65 E+2 2.4 E-4
1.3 - 1.16 E+2 3.3 E-2
6.9 - 3.05 E+2 1.18
2.2 E-5 - 4.8 E-3 1.88
0.5 - 6.29 £+ 0.31
1.17 E+1 - 1.24 E+3 0.30
1.9 - 2.84 E+3 0.18
0 -0.98 2.0 E-2
0 - 2.21 EN 5.3 E-2

N owd YO -

.9¢

a. Particles were principally urantum with a fFew other contaminants.

were analyzed.

Particles 18, 3F, 50, 6A, 6G, 6H, and 7H

b. Particles were principally zirconium with 11ttle contaminants from other components. Particles 11, 38, 68, 6C,
6E, and 6F were analyzed.

€. Results were blased by Particle 6B.




TABLE 30. SUMMARY OF CORRELATIONS BETWEEN SELECTED RADIONUCLIOES,
ELEMENTS, AND PARTICLE SURFACE AREA
Correlated Materials
Fiqure or Resuit Comment
32 ]37Cs/U content No apparent corre]g*\on was
observed between €s and
uranium content for particles or
aliquots.
33 12914y content No apparfgg correlation was found
between 1 and uranium
content for particles or aliquots.
kI } ]291/norma1\zed There 1s a correlation between
particles surface higher concentrations and smaller
area particle size, perhaps due to
increased surface area. These
results suggest
vaporization/condensation on
surfaces or possible reaction
with nonfuel materials which have
higher concentrations in the
smaller particle stze groups.
35 137¢ 129 ?g apparen* gorrelation between
Tcs and 1231 was observed.
36 106Ry/NY content No correlation was observed for
most particles and aliquots.
37 1255b/N1 content No apparent correlation was
observed.
38 106Ry/u content No obvious correlation is
apparent.
39 1255p/u content No correlation 1s apparent.
40 lzssbllzgl No correlation 1s apparent.

4]

144ce/y content

No correlation s apparent.
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Table 29 indicates that '0%Ru is retained in the fuel, with only

small amounts (~3%) associated with Zr. No general correlation with
structural materials (e.g., Ni) was observed, except for particles 90 and

9G which are metallic appearing and contain significant quantities of Ni.
A comparison of the ]06Ru and 1258b radionuclide concentrations with

the Ni concentration are listed in Table 31. The radionuclide
concentrations are 10 to 100 times greater than would be expected for a
UO2 fuel peliet, even at high burnup (6200 MWd/MTU). This behavior

appears to be relatively specific to these particles. The retention for

]OeRu ranges from 163 to 187 uCi/mg Ni. For ]ZSSb, the range is 17

to 20 uCi/mg Ni. The Ni to '%Ru and N1 to '23Sb atom rattos are

106
3.8 E+4 and 6.9 E+5, respectively. This indicates that the Ru or

1258b are located inside the Ni matrix, with many atoms of N1 present for
every atom of either radionuclide. Using the retention factors indicated,
the core inventory of Ni (~1046 Kg) could retain 1.96 E+5 CY of ]06Ru

and 2.09 £+4 C1 of '25sb. This is equivalent to 170% of the 'C°Ru core

inventory and 56% of the ]ZSSD core inventory. However, as noted, this

is not a general trend and is specific to a few particles. Also it is
unlikely that significant amounts of the structural materials would be In
contact with the fuel to produce this behavior. Figures 36 and 37 show the

correlation between Ni content and ]06Ru and ]258b concentrations.

]ZSSb and 9OSr exhibit significantly different retention

characteristics as indicated in Table 29. The 125$b appears to be

present in greater concentrations in the Zr-bearing than in the U-bearing

particles, suggesting significant release from the fuel; whereas, 90Sr
appears to be principally retained in the fuel. Figure 38 shows the
correlation between 9OSr and U content. There is an apparent reduction
in concentration at lesser U content. As shown in Table 30, the ]ZESb

appears to be scavenged by structural material. Figure 39 shows the

relationship between ]ZSSb and U content. No apparent correlation 1is

present. Figure 40 shows the correlation between ]25Sb and ]291 in

order to determine if these radionuclides (]291 and ]ZSSb) are

exhibiting similar behavior. No obvious correlation is apparent.
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1..(&“3??”;3f1ttvxou[ﬁ?‘fatﬂﬁ AND 1255p BY PARTICLES 90 AND 96

Sl

___gmg_g___m___ Particle 9D Particle 96

woix. MY content (mg/g) 186 94.6
Ag content (mg/g) 16 18
106y content 4.65 E+d 1.77 E+4
{(wCi/q)
Sample 9 ‘°5nu average 3.80 E+2 3.80 E+2

concentration? (uCi/g)

Particle/average 1.22 E+2 4.66 £+
concentration ratiod

125¢p content 5.64 E+3 1.61 E+3
{wCl/q)

Sample 9 average!25sp 7.27 £ 71.27 En
concentrationd

{vCi/g)

Particle/average 77.6 22.1

concentration ratioP

3. Average concentration measured for the bulk sample.

b. Ratlo of the concentration in the particle to that of the recombined
bulk sample.
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The Ce and Eu appear to be retained principally in the fuel matrix, as

shown in Table 29. However, retention of ]44Ce by the Zr material was
found on a single particle (Particle 6B). Otherwise, 1ittle release from
the fuel 1s indicated. Figure 41 shows the correlations between 144Ce

and U content for particles and aliquots. For particles, there 1s a wide
diversity in concentration. Burnup may account for some variation, because
the amount of ]44Ce produced is directly related to burnup and

enrichment. The data indicate a range with relatively high Ce
concentrations (~103u01/g) associated with particles of both high and

Tow U content.

3.4.5 Evidence of Core Material Mixing

The effective enrichment calculations discussed in Section 3.4.3
provide evidence of substantial mixing of core materials (see Table 26).
Effective enrichment is calculated by dividing the measured fissile
material (235U) content of each recombined bulk sample by the total U
content obtained from the elemental analysis. There were three fuel
assembly enrichments in the TMI-2 core. The peripheral fuel assemblies
were 2.96% enriched, and the inner fuel assemblies alternated between 1.98%
and 2.64% enriched. At the H8 and E9 locations the original enrichments in
the fuel assemblies were 2.64% and 1.98%, respectively. The data indicate
a variety of enrichments, suggesting significant mixing of the U from the
fuel assemblies. The effect is pronounced at E9 where many of the samples
indicate the presence of 2.7% enriched fuel material.

A comparison was performed of the measured enrichments for the
particles and aliquots from the various samples. A wide range exists,
indicating there 1s no correlation with the original enrichments at the
sampled locations (see Table E-11). Chemical and radiochemical evidence of
core relocation is further evaluated in Section 4.
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3.4.6 Summary of the Cesium Release and Settling Tests

Cesium release, turbidity, and alrborne release tests were conducted
on 50 g of recombined bulk sample material from Sample 6. The tests were
performed on both the as-received core debris materials and on debris which
was crushed to alter the particle size distributions and create freshly
fractured surfaces. Crushing was Intended to simulate the breakup of TMI-2
core material during reactor defueling. Detalls of these examinations are
reported in Reference 30, and the results are summarized below.
]37Cs in
solution by a factor of approximately 10, due to the exposure of
freshly created surfaces (by crushing) that allowed leaching into
the coolant.

0 Crushing the debris increased the concentration of

0 Turbidity examinations indicate that crushing the debris causes
Tittle change in the rate of decrease in turbidity. Also,
significant reductions in turbidity occur within 24 hours. These
data indicate that crushing the debris during defueling will have
11ttle impact on turbidity during defueling operations.

] Alrborne radioactivity measurements indicate that production of
airborne radloactivity during defueling is expected to be

significant only when wetted surfaces are near the point of
drying out. Minimizing changes in the volume of reactor coolant

in tanks or in the core cavity will reduce the exposure of nearly
dry radtoactive surfaces and consequently the production of
airborne radloactivity in the reactor building.
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4. CONTRIBUTIONS TO UNDERSTANDING THE TMI-2 ACCIDENT

The influence of the core debris examinations on understanding the
TMI-2 accident scenario, the current condition of the core, and
radionuclide retention/release from the fuel and core region is discussed
in this section. A brief summary of the current understanding of the
accident is presented, followed by sections describing (a) the temperature
estimates and fuel behavior, (b) evaluation of core relocation, and
(c) radionuclide behavior analyses.

4.1 Current Best Estimate of the TMI Accident

The current state of the TMI-2 core and support structure 1s based on
the following examinations and calculations: (a) closed circuit (CCTV)
inspections of the upper and lower plenum and core regions; (b) topography
measurements of the core cavity; (c) examinations of leadscrews and
leadscrew support tubes; (d) mechanical probing of the debris bed to
determine the debris depth at 17 locations; (e) measurements from online
instrumentation; (f) probing of selected instrument guide tubes with small
diameter (piano) wire to determine penetrability of the core from below the
reactor vessel; (g) gamma scans of the lower vessel reglion and reactor
coolant system to identify potential fuel deposits outside the active core
region; (h) visual examination of the plenum assembly; and (1) computer
code calculations and hypotheses.

The known physical condition of the reactor core is summarized in
Figure 42. A void is present in the upper reglon of the core, with a
volume of approximately 25% of the total core vo]ume.32 Examinations of
the microstructure of two control rod drive leadscrews (central and
mid-radius) indicate that structural temperatures in the upper plenum
ranged from 700 K in the upper regions to 1350 K in the lower reglons just
above the core.33 CCTV inspections show nonuniform damage to the bottom
of the plenum assembly, ranging from areas with no damage to areas where
extensive melting and oxidation of the stainless steel occurred. The
damage zones appear to be limited to the lower few centimeters of the
plenum assembly.
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A debris bed.ranging from 0.8 to 1.0 m thick exists at the bottom of
the void. The debris bed is resting on a layer of hard (impenetrable)
material at about the mid-core elevation. The condition of the lower core

s not known.

CCTV inspections of the lower regions of the reactor vessel indicate
that 10 to 20% of the fuel and/or structural materials of the core now
reside on the reactor vessel lower head, approximately 2.2 m below the
bottom of the original core region. The particle size and texture of the
material in the lower plenum appears to vary significantly, ranging from
pea-1ike gravel near the center of the vessel to larger pieces of lava-like
material up to about 13 cm in diameter near the periphery. Possible damage
to the core support assembly is not known because the central regions of
the lower plenum were not visible in the video scans. There is no evidence
that the lower reactor vessel head has been damaged.

A scenarlo for the first four hours of the TMI-2 accident was
developed based on (a) end-state conditions of the core and reactor vessel
(as described above), (b) measurements of the plant response recorded
during the accident, (c) the results of best-estimate calculations of the
acc’ldent,3 and (d) severe fuel damage experiments conducted in the Power

Burst Facility at INEL.35 Important events and features of the accident
are summarized here for later comparison with the information obtained from
examining the core debris grab samples. Details of the accident before

core uncovery are discussed e]seuhere.36

Core uncovery began about 100 min after reactor scram. Superheated
steam in the hot legs was initially measured at about 113 min.
Best-estimate predictions indicate that core temperatures probably
Increased sufficiently to result in fuel rod ballooning, rupture, and
release of gaseous fission products by about 140 min. Radiation
measurements indicated a significant release of fission products into the
containment at about 142 min. By 150 min, the predictions indicate that
peak cladding temperatures rapidly increased due to cladding oxidation and
fuel rod temperatures exceeded the melting temperature of zircaloy. The
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molten zircaloy would have dissolved a portion of the 002 fuel pellets.

The dissolved fuel and molten zircaloy flowed downward along the fuel rods
and eventually froze in lower, cooler reglons of the core. The lower level
of the previously moiten matertals was probably coincident with the coolant
11quid level which was estimated to be in the lower third of the core. The
predictions indicate that a significant portion of the core (174 to 172)
reached temperatures sufficient to melt the cladding and that the core
maximum temperature was sufficient to melt the uoz fuel.

One of the reactor coolant pumps was turned on from about 175 to about
180 min resulting in some coolant flow into the core. Thermal and
mechanical shock in the upper regtons of the core which consisted primarily
of highly oxidized and embrittied rod remenants caused extensive
fragmentation and collapse of the rods. The core continued to heat up
after the pump transient (as indicated by the in-core thermocouples). The
relatively solid mass in the bottom of the core eventually melted through
the bottom supporting crust, and molten mater1al flowed into the lower
reactor vessel head at about 227 min. A coolable geometry was attained in
the lower reactor vessel head, and long term cooling was reestablished at
about 16 h into the accident.

Three concepts are unique to this accident scenarto. First, based on
an understanding of cladding melting and fuel liquefaction, significant
portions of the core probably flowed downward into lower portions of the
core and solidifled within the confines of the lower core boundary prior to
the pump transient. This reglon of 1iquefied core materials and intact
fuel rods could have been of substantial stize, from 1 to 2 m in height and

from 80 to 90% of the core diameter. Second, because of the thermal
properties of the core materilals, these large zones contalning metallic Zr

and ceramic materials probably were not coolable (using reasonable decay
heating assumptions), even when surrounded by water. Third, the large
solid mass continued to heat up and eventually a significant fraction of
the core relocated through the core support assembly into the lower reactor

vessel head, where a coolable configuration was attained.
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4.2 Impact of Metallurgical Findings on Understanding
the Accident Scepario

The metallurgical analysis of 29 particles from the core debris grab
samples provided information in several areas that relate to the accident
scenario. FEstimates were made of core peak temperatures achieved during
the accident, some indication of the temperature history was obtained,
information on the chemical interactions of the fuel rod material with
other core materials on a microscopic scale was obtained, and details of
the relocation phenomena were investigated. This section compares results
of the metallurgical examinations to the scenarlo described in
Section 4.1. The comparison is presented in two sections: temperature
estimates and fuel behavior.

4.2.1 Temperature Estimates

The peak temperature or temperature range achieved during the
transient was determined by detailed analysis of the microstructure and
elemental composition of the particles. The selection of particles for
examination was biased in that particles showing some indication of melting
were usually selected. Although most of the 29 particles showed evidence
of high temperatures, examination of the bulk samples indicated that a
large fraction of the material did not exceed 2000 K for significant
lengths of time. Many of the fuel pellet fragments within the melt-bearing
particles display 1ittle or no equiaxed grain growth, which confirms that
the entire core did not experience prolonged times at extremely high
temperatures. However, there are particles that show microstructures
indicating peak temperatures up to the melting point of the UO2 fuel. In
addition, the evolution of other particles involved oxidation and mixing
processes that cannot be readily explained except by lengthy durations
under very severe conditions. Both sets of observations are consistent

with the postulated accident scenario.

Evidence was found of molten Zr which had flowed down interior
cladding surfaces, within the fuel-cladding gap. This phenomenon is
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1qportan%‘%nﬂt11cuta!1nq pedk temperatures, as well as iIn estimating fuel
~ Twquefaction and fisston product release. The longer the molten metallic
2ircaloy cladding remains in place, the more heat is generated by the
exothermic Zr-steam reaction. Containment of molten Zr between uo2 fuel
~ang an exterlor tr02 crust therefore tends to increase peak fuel rod
temperatures. Cladding ballooning occurred during the transient, as
~evidenced by the pleces of deformed cladding found in the debris. The
ballooning may have enhanced retention of the molten, unoxidized Zr,
thereby driving the temperatures even higher.

4.2.2 Fuel Behavior

Significant interaction (t.e., formation of eutectic mixtures) of the
fuel rod materials with structural matertals was observed on a microscopic
scale, with the eutectic material frequently located in the grain
boundaries. Interaction with the Inconel spacer grids seemed to be common,
with appreciable amounts of Ni, Fe, and Cr often detected within prior

~molten reglons. This correlates with the CCTV inspection of the upper
void, which shows miny of the fuel rod assemblies severed at a grid
spacer. It s expected that closer Inspection will show chemical
fateraction of the fuel rods with the grid spacer material. Current severe
accident analysis computer codes do not adequately model the interaction of
the fuel rods with all of the reactor structural components. Nevertheless,
_these observations on fuel-structural interactions are consistent with
'~res¢lts of in-pile and out-of-pile research on severe core damage accidents

which are presently being conducted (see Reference 35).

Many particles exhibit distinct prior molten layers of significantly
different compositions, where typically one mo1t€n mixture solidified (and
often oxidized) before being contacted by a second fuel-bearing melt.
Interactions between such layers were found to vary from moderate-
temperature diffusion bonding to thermo-chemical dissolution at much higher
temperatures. These particles tndicate either multiple temperature
Qlcur;\on;, separated by oxidation and sol1dification periods or a
prolonged candling sequence during the TMI-2 accident, where droplets of
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lTiquefied fuel héd sufficient time to relocate down fuel rod exterlors,
chemically react, solidify, and oxidize before other droplets arrived. On
certain particles, structural material content differs markedly between
layers such that 1imited lateral movement of the molten material may also
have occurred. In any case, these layered particles are not typical of
in-pile and out-of-pile experiments that confine fuel liquefaction and
solidification to a brief continuous process. Consequently, melt
relocation during the high temperature portion of the TMI-2 accident should
not be viewed as a single core-wide event, but rather as a complex sequence
of interrelated and possibly intermittent phenomena. The short "B" coolant
pump operation and the occasional Emergency Core Cooling System flows may
have locally rekindled or temporarily accelerated Zr-steam oxidation,
thereby creating this particle type.

The occurrence of hyperstoichiometric fuel (independently measured on
TMI-2 particles at three laboratories) is another major difference from
most in-pile and out-of-pile research efforts to date. These experiments
generally involve reducing environments, with Zr oxidation creating strong
competition for the oxygen from available steam and from 002
dissolution. However, hyperstoichiometric Fuel (~U02.5) was also
discovered by SAS within the Severe Fuel Damage Scoping Test bundle.
The fuel oxidation apparently occurred during the SFD-ST cooldown--after
zircaloy oxidation and associated hydrogen generation had ceased. This
interpretation was aided by a recent thermodynamic calculation that
suggests fuel can oxidize beyond U02’2 in high pressure steam (~100
atmospheres), but only if 1ittle hydrogen is present.44 Fuel oxidation
in SFD-ST was also tentatively associated with reduced grain boundary
adhesion, formation of microcrack networks, and gradual washout of fission
products.

43

‘4.3 Evaluation of Core Relocation

Knowing the extent of core materials relocation is important to
understanding the current condition of the core and postulating a viable
scenarlo for the accident. The metallurgical, chemical, and radiochemical
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data provide evidence of extensive mixing, bulk material relocation, and
segregation of core materlals during the accident. Each of these three
types of relocation is evaluated, and thelr Impacts on understanding the
condition of the core and accident scenario are addressed.

4.3.1 Mixing of core materials

tEvidence of mixing of core matertals has been obtatined principalily
from the metallurgical and chemical analyses results (Sections 3.2 and
3.3). The metallurgical data (SEM/EDS and SAS) indicate the presence of
structural matertals (Cr, Fe, NY), poison rod materilals (Gd, Al), and
control rod materials (Ag, In, Cd) in reglons of ternary U-Zr-0 mixtures,
at grain boundartes or on surfaces within the voids of many particles.
These data suggest that the structural materlals and Al were Incorporated
into the particles as a result of fuel rod melting and dissolution, or the
formation of low melting temperature eutectics.

Elemental analysis of the particles and aliquots indicates the
presence of most structural materials in each sample at relatively low
concentrations (<1.0 wtX). The uniformity of the structural material
concentrations in most particles and aliquots Indicates that structural and
control rod materials were probably mixed into the debris when the material
was molten. These data also suggest that the debris bed was thoroughly
mixed for a substantial pertod of time during the accident to achieve the
degree of homogenetty observed for the core constituents.

The distribution of the G4 from the burnable poison rods
(sdzoa-uoz) provides additional evidence of significant mixing of
core matertals. Only about 13.5 kg of Gd was originally contained in the
core, at four widely separated locatlons (H4, H12, D8, and N8).
Gadolinium, however, was measurable in similar concentrations in most of

the recombined bulk samples from the H8 and E9 locations. The distances
from the H8 and F9 locations to the center of the nearest Gd fuel assembly

are 87 cm and 30 cm, respectively. The homogeneity of the Gd
concentrations in the samples supports the hypothesis that the core
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materials were subjected to significant mixing probably after the accident
and after high temperatures had existed because the Gd (elther as Gd203

or as reduced Gd) was transported to the H8 location and mixed to a
concentration similar to what was measured in debris taken from the E9
position. The relocation of the Gd in the core could have occurred via
several mechanisms. Gadolinia (melting point ~3000 K) may have been
either melted or reduced by molten Zr to Gd and subsequently distributed

throughout the debris bed.

Analysis of the mixing of core materials contributes to understanding
of core condition as follows:

0 Based on the distribution of core structural materials and their
presence in the ternary U-Zr-0 structures, the debris bed was at
one time probably subjected to significant mixing probably after
the high temperature portion of the accident.

0 The turbulent mixing of core materials probably occurred during
the B-2 pump transient between 175 and 180 min. The relatively
uniform concentrations of Gd suggest that the mixing was very
vigorous and extensive.

4.3.2 Bulk Relocation of Fuel

Bulk relocation of fuel is suggested from the previous discussion on

mixing and from the average enrichment (235U/tota1 U x 100%) of the

recombined bulk samples (see Table 26). The previous discussion concludes
that turbulent mixing of core materials probably occurred in order to
achieve the observed uniform distribution of core constituents. The
enrichments were also determined for the recombined bulk samples for
comparison with the original core enrichments at H8 (2.64 wtX) and E9
(1.98 wt%). The measured enrichments of samples from the H8 location
ranged from 2.3 to 2.7 wt% 235
from 2.5 to 2.8 wt% 235U. There 1s no appreciable correlation between
the original enrichments, particularly at E9, and measured sample

235U

U and at E9 the measured enrichments ranged

142



enrichments. These results Indicate that fuel from Yow enrichment has been
thoroughly mixed with higher enrichment fuel from other assembltes.
example, the 2.98 wiX-enriched fuel was originally only at the core
periphery. Materials with this enrichment are now found in most of the
samples examined. The results indicate that significant degradation and
iiﬁmg of bulk fuel assembly components has occurred.

For

" 4.3.3 Segregation of Core Matertals

" The elements for which segregation or accumulation was indicated,

| i ‘prhirﬂy by the chemical analysis results, are 2r, Ag, In, Cd, Gd, and

Al. Less than 50% of the anticipated Ir was present in the debris bed at
some H8 and E9 locations. Fuel rod temperatures were probably high enough
after approximately 150 min for zircaloy cladding to melt, dissolve some
Mz. and Flow downward along the rods into Jower cooler regions of the
core. The chemical analysis results support this scenario and suggest that
depletion of matertals was significant from the upper portion of the fuel
rods 1n the region of the debris bed. Based upon this result, there may be
2ones lower in the core which contain significant accumulations of the
U-Zr-0 ternary mixture. The debris bed contains approximately 20% of the
core mass and based upon the indicated depletion of Zr, approximately

500 to 2200 kg of Zr with dissolved U may have been deposited near the
bottom of the core prior to the B-2 pump transient at 175 min.

| The control rod constituents (Ag-In-Cd) are relatively volatile, and
based on thermodynamic calculations for conditions similar to Tﬁl.m
significant amounts of Ag (24X), In (47X), and Cd (100%) could vaporize,
condense into aerosols, and be transported out of the core region. The
results of the recombined bulk sample analysis indicate the presence of
only 7.4 to 10.1% of the initial core concentration of Ag in the core
debris gradb samples. [Cd and In were not measurable In the recombined bulk
i&les. probably because the concentrations were below the detection
imit.] Evidently, approximately 90X of the Ag has been transported from

~ the debris bed (~400 kg Ag). Less than 3X of the core inventory of Ag

Jeft the reactor vessel based upon analyses of components outside the core
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{leadscrew surfacés. (see Reference 33) reactor coolant drain tank and

reactor building basement.sa] where the Ag would tend to accumulate 1f
transported as a vapor or aerosol out of the core. The silver probably

melted and flowed into lower regions of the core or reactor vessel where 1t

probably remains.

The concentration of Ag tends to be higher for the smaller
(<1000 ym) particle size fractions possibly because of the increased
surface area for condensation on the particles with decreasing particle

size. The Ag could also react chemically with the particles and a similar
trend would be indicated. The data indicating whether the interaction is

physical or chemical do not yet exist. Cd and In, the other principal
control rod constituents, were measurable in the particles and aliquots;
but in fewer samples than was Ag. These elements exhibit essentially the
same behavior as Ag, with higher concentrations associated with the smaller

particle size fractions.

Gadolinium, a poison material, was present in most recombined bulk
samples. It was distributed relatively evenly, with measured

concentrations ranging from 4.7 to 8.2 E-2 wt%. This is surprising as
gadolinium constitutes less than 1.1 E-2 wtX of the core and the measured

concentrations are significantly higher than the initial core average
concentration. No correlation with particle size 1s apparent.
Extrapolation of the measured concentrations to the weight of the debris
bed indicates that the core inventory of Gd could be contained in the
debris bed. It should be noted that Gd 1s present only in the middle half
(or two-thirds) of the poison rod and would therefore principally have been
exposed to accident conditions. It is possible that Gd was concentrated in
the debris bed at the sample locations and that large areas with 1ittle or
no Gd present exist at other locations in the core.

Aluminium, the other primary constituent of the poison rods (excluding
0), appears to have behaved differently than gadolinium. Aluminum was

measurable only in the two recombined bulk samples of surface material, at
7 to 20 times the concentration expected if the Al were evenly distributed
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% the debris bed. Tallurigm also was concentrated at the surface the
iibrls‘bed In general, the concentration of Al iIncreases with decreasing
partitle size as indicated in Figure 43. This figure s a comparison
between the normalized particle surface area and the concentrations of Al
for Samples 1, 3, and 6. The deviations iIn the general increase in
:cnntnntrltion with decreasing particle size may be due to differences

!‘“L the actual and calculated surface areas of the particles. These
data suggest that the transport mechanism may have been vaporization within
o high temperature zone and condensation at the top of the cooler rubble
bed. '

These results contribute to an enhanced understanding of the core
condition and accident scenario as follows:

° The distribution of Zr, Ag, A1, and Gd within the debris bed
indicates that the unexamined regions in the lower half of the
core and lower plenum probably have significantly different
compositions than does the debris bed. For instance, most of the
Ir and Ag which is missing from the core material in the debris
bed is probably in the bottom of the core and lower plenum. The
core material in these lower regions is probably depleted in Al

° Concentration of Al and Te in the surface material of the debris
bed suggest that the surface of the debris bed functioned as a
trap elther during the high temperature portion of the accident
or later during natural) recirculation.

° The concentration of A1, Ag, Cd, and In with the smaller particle
size fractions suggests that retention was dependent upon
particle surface area or that these elements formed particles
with the observed size distribution. The most 1ikely mechanisms
are probably condensation or chemical reaction of vapors.
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4.4 Behavior of fFisslon Products In the Core

Fisston product behavior s defined as the retentlon/release from the
fuel and transport/retention of radionuclides within the reactor pressure
vessel and primary cooling system. A block diagram which summarizes the
fisston product behavior, as determined from analysis of the core debris
grab samples, is shown in Figure 44. The only measurable radionuclides
significantly released from the reactor vessel are ]37CS and ]291.

Other radionuclides were retained within the vessel, etther in the fuel or
associated with the cladding and structural materials. The release of
‘°6Ru and ]258b from the fuel ¥s significant. Behavior of each of the
radlonuclides and thelr impacts on the current understanding of the core
condition and accldent scenario Vs evaluated in this section. The
chemistry assoclated with the observed behavior 1s evaluated 1in

References 39, 40, and 41.

4.4.1 Cesium and lodine

]37Cs and ‘291 were expected to be the most volatile radionuclides

(except for the noble gases) and, hence, the most mobile of the measurable
radionuclides. Estimates of radionuclide retention in the core debris, as
shown in Figure 44, indicate that the maximum retention in the debris bed

for '3cs and '2°1 15 28 and 32%, respectively. Significant fractions

of the core inventory of both radionuclides have been relocated by the
reactor coolant to the remainder of the reactor system (see Reference 28).
Also, the radiochemical analyses (see Section 3.4) indicate that both
radionuclides have become assoclated with cladding and structural materials
at concentrations similar to fuel material (1.e., the structural materials
have ]291 and ]37Cs concentrations similar to fuel material).

‘ )

37
samples iIndicates no correlation between Cs and I. This suggests
that the radionuclides were removed from the fuel material to different
extents or subsequent leaching has affected the distribution. Under highly

ox1di2ing conditions as were ‘ndicated at TMI by the degree of cladding
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Figure 44. Schematic showing the behavior (retention/relocation) of

various radionuclides inthe TMI-2 core.
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oxidatton, 12 would probably preferentially be formed rather than Csl

indicating different transport methods. The core debris data tend to
support this hypothesis. There appears to be a general increase in ]291
assoctated with the smaller particle size fractions (see Section 3.4);

however, no similar relationship exists for ]37Cs. If the correlation

with the particles size fraction (t.e., surface area) s evidence of

vaporization/condensation, these data suggest that ]291 vaporized and

iggsequently condensed on the surfaces of the smaller particles, whereas
Cs did not deposit as a vapor or was selectively removed by leaching

or other mechanisms.
1317 129
The contributions of the Cs and I results on understanding
the core condition and acclident scenario are as follows:

134,137 129

Cs and
fuel and have become assoclated with cladding and structural

I have been significantly removed from the

matertals or transported outside the vessel, with no correlation
between the two.

0 The data suggest that ]291 may have deposited as a condensed

vapor on surfaces or reacted with components of the smaller
particles size fractions to form an insoluble material not

removed by leaching.

0 Previous experiments have indicated that release 0:2Cs and I from
the fuel occurs after fuel fracture and quenching. The most
significant release probably occurred at 175 min Into the

accident during the B-2 pump transient.

4.4,.2 Ruthenium

106Ru release from the debris was quite significant (14 to 64X).
]06Ru }s measurable to a minor extent 1n cladding and structural
gesting some retention by other core constituents.
6Ru \n the debris was observed for several

However,
material samples, sug
Significant retention of

149



106

isolated part1cﬁes. For particles 9D and 9G, the N} to " Ru retention

was much greater (10 to 100 times) than would be found in a comparable
particle of U, indicating that Ni scavenges 'CCRu and incorporates it
into the Ni matrix. Extrapolation of the measured retention factors for
]06Ru to the core inventory of Ni Indicates the potential retention of
the total core inventory of ]06Ru by the Ni present in the core. It is
unlikely, however, that all ]06Ru present in the core would be contacted
by structural Ni, indicating that this is a less significant potential
retention mechanism.

The low retention of ]ObRu in some samples indicates that

significant ]ObRu depletion has occurred from the debris bed. No

significant amount of this radionuclide has been measured outside the
reactor vessel, suggesting that the ]06Ru in the debris bed may have been
transported to lower regions in the core. A possible transport mechanism
is that the ]OSRu reacted with Zr or structural material and was
transported to lower regions of the core with those materials. Although Ru
metal has a high boiling point with very low volatity, it has ~10

oxidation states which are highly volatile, unstable chemical compounds
(see Reference 40). Formation of those chemical compounds may account for

the ]06Ru depletion in the debris bed.

Contributions of the ]06Ru results to understanding the core

condition and accident scenario are as follows:

0 106Ru Is significantly retained in the fuel; however, what has
been released probably reacted with structural materials and has
been retained within the reactor vessel or near vicinity.

0 ]06Ru depletion in some samples indicates that a portion of the
core inventory of this radionuclide may have been transported to
lower in the reactor vessel.
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4.4.3 Antimony

The '25sb results indicate significant release of this radionuciide

(63 to 81X) occurred from the debris bed. The release was similar to
]37Cs; however, no significant fraction of the core inventory of IZSSb
has been measured outside the reactor vessel. This radionuclide also

behaves similarly to ]06Ru In that 1t leaves the fuel and associates with
cladding and structural matertals. The NI to ]258b atom ratio is
<6.9 E+5:1, suggesting that IZSSD also 1s incorporated into the Ni

matrix. Extrapolation of the measured retention factors of Ni for ]253b

Yndicates that as much as 56X of the core inventory of ]258b could have
been retained by structural matertals containing Ni.

The data suggest that the missing portions of the core inventory may
have reacted with Zr or structural material and have been transported to
lower regions of the core when these materlals were relocated.

25

The contribution of the ! Sb results to understanding the ggge

condition and accident scenario s that a large fraction of the Sb
Inventory of the debris bed (60 to 80%) has not been accounted for. The
data indicate that the ]2SSD reacted significantly with structural
materials and may have been deposited on those materlals within the core
region or has been transported to lower regions in the reactor vessel with

the relocated cladding and structural materials.

4.4.4 Strontium

90Sr has been significantly (> 90%) retained in the fuel and has
not become assoclated with cladding or structural materials, as determined

from the analyses in Section 3.4. However, a continuous addition of " Sr
to the reactor coolant has been measured (see Reference 26), suggesting

that this material leaches directly into solution and does not ggact with

Ir or cladding significantly. No significant accumulations of “°Sr have

been measured outside the core. The oxidizing conditions at TMI would tend
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to form Sr0 (see Reference 40), which has very low volatity. Formation of
this compound with no subsequent reduction with Sr may be the reason for
the low volatility of the “Osr at TMI.

The contribution of the 908r results to understanding the core
condition and accident scenario is that 90Sr was retained in the fuel and
was not released during the accident. The data suggest that 9OSr is not
an immediate hazard during a severe core damage accident similar to TMI-2
and 1s only slowly leached from the fuel into the coolant.

4.4.5 Cerium

]44Ce appears to have been completely retained (90 to 130%) in the

reactor vessel. The results indicating retentions of greater than 100X may

be due to localized variations in burnup or possible relocation of ]44Ce

from the fuel. An evaluation of ]44Ce relocation was performed in
Section 3.4, indicating that '**Ce was released from the fuel and has
become associated with cladding and structural materials in the core.
]44Ce probably formed Ce0, a relatively high volatity compound (see
Reference 37), from Ce203. Ce0 would probably be produced by the
reduction of Ce203. a very stable, low volatility compound. The
oxidation of the cladding and core materials would indicate there was a
generally oxidizing environment; however, the ]44Ce data suggest the
presence of a time during the accident when a reducing atmosphere was
present in the debris bed to produce the observed ]44Ce mobility.
Contributions of the '+

condition and accident scenario are that no significant release of
from the core occurred. What 1ittle did escape from the fuel matrix

Ce results to understanding the core

]44ce

reacted with nearby cladding and structural material and was retained in
the reactor vessel. .The higher concentrations of 144Ce in the debris bed
may indicate the presence of periods of time during the accident when a

reducing atmosphere was present.
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5. OBSERVATIONS/CONCLUSIONS

Principal observations and conclusions that have been obtained from
examining the core debris grab samples include results of the physical
metallurgical, chemical, and radiochemical analyses and correlation of

these results with current information on the known core condition and
accident scenario. The principal observattons/conclusions based on a total
sample size of 0.001X of ortginal core inventory include the following:

(=}

Approximately 80 wtX of the debris material 1s larger than
1000 ym. The largest particles were up to 20 mm.

Five types of particles were identified based on visual
appearance: (a) apparent fuel pteces; (b) cladding chunks;

(c) foamy/porous, prior molten material; (d) particles that are a
composite of fuel and prior molten material; and (e) metallic
appearing, prior molten particles.

Many of the particles examined contain regions of prior molten
(U-Zr)oz, indicating peak temperatures greater than 2800 K.
Also, there are a few examples of prior molten material that are

dlmost pure uoz, indicating temperatures near 3100 K.

Much of the fuel examined was essentially unrestructured
indicating that peak temperatures did not exceed 2000 K for any

significant length of time.

Several independently analyzed fuel-bearing particles contain
oxygen concentrations 1n excess of 70 at.%. Such extensive fuel

oxidation probably occurred during steam cooling with high steam
pressures and very little hydrogen generation from metal

oxidation.

Regions of prior moiten U-2r-0 usually contain at least some
trace of non-fuel rod material (A1, Cr, Fe, N1). These elements
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often were found at grain boundaries or in voids. This indicates
significant interaction between fuel rods and grid spacers, and
possibly other stainless steel components.

Control rod materials (Ag, In, Cd) were not as commonly found as
structural materials. Ag apparently had Tess of a tendency to
mix or interact with fuel rod materials than did the structural

materials.

The presence of layered, prior molten particles indicates elther
a prolonged candling sequence or multiple temperature ramps
occurred during the fuel liquefaction/relocation period of the

accident.

Evidence that molten metallic U and Zr flowed inside ballooned
cladding was observed, as well as candling on the cladding
outside surface.

Significant Zr depletion (<50%) has occurred in the majority of
the debris samples analyzed, indicating significant relocation of
Zr from the rubble bed.

The majority of particles and aliquots examined contained a
mixture of most core constituents, indicating significant mixing
and disruption of the original core. This may have occurred

either during the high temperature portion of the accident or
later during natural recirculation.

Concentrations of Ag-In-Cd (volatile core materials) generally
show increases for the smaller particle size fractions and
suggest that a retention mechanism associated with surface area
may have been operable for these materials.

Significant depletion of Ag (~90%) from the core debris bed has

occurred, suggesting possible transport to regions lower in the
reactor vessel.
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Wide distribution of the polson matertal,'Gd, indicates that
significant relocation of core matertals has occurred.

Al and Te are concentrated at the surface of the debris bed,
suggesting that this portion of the bed may have functioned as a
retention 2one or trap for some material either during the high
temperature portion of the accident or later during natural
recirculation.

Structural matertals are well mixed in the debris bed at
concentrations 30 to 50% of their original concentrations in the
fueled regton of a fuel assembly. The data iIndicate that both
significant mixing of core constituents and 11ttle contamination
of the debris with other structural components (end boxes, etc.)
occurred.

Significant amounts (10 to 80%) of a1l '37cs and '2°1 has
relocated from the debris bed.

106 125 144

The Ru, Sb, 7Cs. and Ce at the E9 core
location generally are at higher concentrations than at H8. The
]37Cs concentrations are 18 to 85% higher at E9.

13

Portions of ]06Ru have left the fuel and have been retained in
other matertals (1.e., structural materials).

12560 nas been significantly released from the fuel and has
assoclated with non-fuel debris.

]06Ru and ]258b appear to have associated with Ni-containing
materials, suggesting a retention mechanism for these

radionuclides.

9OSr appears to be almost completely retained in the fuel, with
some leaching into the reactor coolant.
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Radionuclides were released from the fuel in the approximate

order of volatility of the elemental constituents, except for

]06Ru and 905r. ]06Ru release is higher and 9OSr release

is lower than expected, probably due to the formation of higher
or lower volatile oxide forms.

]44Ce concentrations in the samples are higher than expected,
based on the average core burnup. Some particles with 1ittle or
no U content contain ]44Ce. These data suggest relocation of
]44Ce in the debris bed, possibly by formation of a volatile

oxide.

]291 content in the debris tends to correlate with surface area
in the small particle size fractions and, therefore, may suggest
a surface area dependent retention mechanism.

Evidence of significant turbulent mixing of the liquefied core
material has been observed.

Segregation of Zr, A1, Ag, and Gd has been observed, suggesting
that lower areas of the core may have different compositions than
observed in the debris bed.

]06Ru and ]ZSSb may have been transported to lower in the

core and associated with 1iquefied Zr and structural material.

There is no correlation between the enrichment of materials
examined and the original (H8 and E9) fuel assembly enrichments,
indicating significant physical relocation of the bulk core
materials (fuel assemblies) has occurred.
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